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Abstract 

Over the last decades, aircraft manufacturers have produced synthetic fiber thermoset composites 

to be used for interior components of aircraft. However, the ever increasing dependence on 

synthetic fibers and thermosetting resin has set the aerospace industry under considerable pressure 

to reduce its carbon footprint and enhance its sustainable credentials. The unrelenting passion of 

sustainability has led to an expanding search for eco-friendly fiber reinforced composite from 

renewable sources. However, there remains a significant challenge to produce palm fiber 

composite fit for aircraft interiors owing to its ease of combustibility. 

Various flame retardants and expandable graphite (EG) at different concentrations were introduced 

into the epoxy composites reinforced with approximately 18 to 20% fiber (mass fraction). 

Amongst the flame retardant filled composites fabricated by resin infusion technique, two 

formulations with incorporation of (i) 10% ammonium phosphate (APP) and 5% alumina tri-

hydrate (ATH) hybrid and (ii) 10% ammonium phosphate (APP) and 5% zinc borate (ZB) hybrid 

into EFB fiber reinforced epoxy composites demonstrated promising capability to meet the vertical 

Bunsen burner requirements for aircraft interiors, where zero molten drip time and zero flame time 

were observed, along with the lowest recorded gross heat of combustion being less than 27.4 MJ/kg 

from bomb calorimeter instrument. It was found that the lab-scale mechanical performances 

enhanced with inclusion of alkaline treated fibre compared with those of untreated fibre 

composites. 

For expandable graphite filled composites fabricated by compression molding technique, all the 

composites containing EG was observed to possess the capability to meet the vertical Bunsen 

burner test requirements of aircraft interior parts. Palm fibre composites with inclusion of 5 %wt 

and 7 %wt EG fillers showed zero flame time, drip flame time and negligible burned length. From 

Bomb calorimetry and TGA tests, formulation with 7% EG filler (CEG7) recorded a gross heat of 

combustion of 27.91 MJ/kg and mass residue of 28.31 wt% at 700 °C. In a separate approach 

where 3 wt% and 5 wt% EG were coated onto the exterior surface of neat EFB fiber reinforced 

epoxy composite without any additional fillers, it was observed that composite coated with 5 wt% 

EG met the requirements of vertical Bunsen burner test. With regards to mechanical properties, 

the incorporation of EG fillers into EFB fiber composite dropped the mechanical behaviors. The 
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mechanical performances of EG filled composite was found to improve with the alkali treatment 

of EFB fibers. Lab scale measured mechanical behaviors were observed to be in the acceptable 

range for the required application.  

Finally, an aerospace grade Nomex honeycomb was used to fabricate laminate with the natural 

fibre composite skins, which could be a structure of an aircraft interior component for a sidewall, 

ceiling or partition. Two different types of composite face sheets were used, one with the optimum 

formulation from flame retardant filled composite (hybrid 10 wt% APP with 5 wt% ATH) and the 

other with 7 wt% expandable graphite. The requirements of 12 s vertical Bunsen burner testing 

were fully met for the panels. Three of the optimum formulations (APP/ATH hybrid, APP/ZB 

hybrid and EG7) were tested against 60 s vertical Bunsen burner experiment and found capable of 

meeting the test specifications of flame time, drip flame time and burn length.  
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Chapter 1             

1. Introduction 

The market of components for aircraft interior is doubled in terms of its manufacturing services 

and consumption of composite materials compared to the usage of composites in aircraft structural 

parts. In the commercial industry, the weight of aircraft composites used for interior parts surpasses 

the weight of those employed in composite airframe, and it is no less crucial to the revenue 

generation and operating cost relative to primary structures. The projected plan expects a dramatic 

increase in production of interior components beyond 14.5 million kg by 2022, which demonstrates 

50 percent higher demand than composite airframe parts ordered in 2012 [1]. Aircraft interior parts 

such as overhead storage bin, partition panel, sidewalls, lavatory compartment, door and window 

liners, flooring and seat backing must meet the stringent aviation requirements generally governed 

by the Federal Aviation Administration (FAA) agency and aircraft manufacturers. 

To enhance sustainable credential of carbon footprint, the dependence on thermoset matrix and 

synthetic fibers are needed to be reduced. The unrelenting passion of sustainability has led to an 

expanding search for eco-friendly fiber reinforcement composites from renewable sources. 

Demand for replacement of synthetic fibers materials with natural fiber composites is growing. 

Production of carbon or glass fiber composites consumes a large quantity of energy cost and also 

these materials experience difficulty in their disposal at the end of life cycle due to their poor 

recyclability [2]. Industry has been compelled by consumer awareness and stringent environmental 

registration to develop usage of natural resources. Lignocellulosic fibers are capable of 

contributing to the stiffness and strength of composites [3]. The usage of natural fiber (NF) 

composites have been gaining momentum in several applications such as non-structural parts of 
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automotive, furniture and food packaging industries due to their renewability, availability, low 

density, low cost, suitable mechanical performances, good acoustic insulation properties, non-

abrasiveness and green working environment [4-8]. However, there are several drawbacks in the 

use of natural fiber reinforcement in composite, e.g. price and quality variation, low durability and 

low moisture resistance, limited application temperature and poor fire resistance. The 

hydrophilicity of natural fibers causes moisture absorption and increases the potential of 

delimitation and swelling within the composite. Flammability of natural fiber polymeric composite 

is required to be extensively investigated as fire risk and hazard to both aircraft and human is of 

critical concern.  

Several reports have been published on the flammability properties of NF reinforced epoxy 

composites, as shown in Table 1-1.  It can be observed that natural fibre composites not containing 

phosphorous content or FR additives [9-11]  presented higher values of PHRR, tHR, HRR, TSR, 

mean CO2, CO2/CO ratio and mass loss. With the incorporation of a curing agent possessing 1.75 

wt% P content, as recorded in [11], the values of PHRR, tHR, mean CO2, CO2/CO ratio and mass 

loss reduced relative to those of without phosphorus filled composites whereas the mean CO 

increased. Increasing content of APP (P content) in the natural fibre composites, as reported in [9], 

further decreased the  PHRR, tHR, HRR, TSR, mean CO2, CO2/CO ratio and mass loss while mean 

CO increased. 

The effects of other FR agents such as ATH and ZB on the flame resistivity of NF epoxy 

composites are required to be investigated. Combinations of different FRs have not been 

investigated for this kind of composites. The addition of EG particles has not been studied for NF 

epoxy based composites. Most importantly, NF epoxy composites have not been used as skin 

sheets for Nomex honeycomb panels. 
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Table 1-1 Cone calorimetry results of some NF epoxy composites.  

NF 

(wt%) 
Epoxy 

FR (wt%) 

and P content 

PHRR  

(kW/m2) 

tHR 

(MJ/ m2) 

Mean 

HRR 

(kW/ m2) 

TSR 

(m2/ m2) 

Mean 

CO2 

(kg/kg) 

Mean 

CO 

(kg/kg) 

CO2/

CO 

ratio 

Residue 

(wt%) 
Ref. 

40 
infusion grade (epoxy) 

A 10% fast /90% slow (curing agent) 
_ 426-563 143-157 _ 

3788-

4332 
_ _ _ _ [10] 

30 

tetraglycidyl ether of pentaerythritol 

(epoxy) 

3,30´-dimethyl-4,40´-diamino-

dicyclohexyl-methane (curing agent) 

_ ~1320 84.91 _ _ 1.3534 0.0352 38.4 1.8 [11] 

30 

tetraglycidyl ether of pentaerythritol 

(epoxy) 

phosphorus-containing amine (TEDAP) 

(curing agent) 

1.75 % P 

content  

in hardener 

~780 45.89 _ _ 0.8948 0.0723 12.3 20.1 [11] 

35 

Bisphenol A epoxy resin modified 

(epoxy) 

Modified cycloaliphatic polyamine 

(curing agent) 

_ 720.5 68 121.6 1612.2 1.7953 0.0655 27.4 11.8 [9] 

30 

Bisphenol A epoxy resin modified 

(epoxy) 

Modified cycloaliphatic polyamine 

(curing agent) 

APP (3 wt%) 

and 0.94% 
375.3 42 69.2 1233.3 1.4838 0.1313 11.3 22.3 [9] 

30 

Bisphenol A epoxy resin modified 

(epoxy) 

Modified cycloaliphatic polyamine 

(curing agent) 

APP (8.8 

wt%) and 

2.77% 

293.8 33 59.5 1104.5 1.3275 0.1532 8.6 24.3 [9] 

30 

Bisphenol A epoxy resin modified 

(epoxy) 

Modified cycloaliphatic polyamine 

(curing agent) 

APP (16 

wt%) and 5% 
186.7 27 48.6 1006.7 1.2884 0.1641 7.8 31.1 [9] 

 

In this research, the application of palm EFB fiber epoxy composites for aerospace industry was 

investigated. Interior parts were targeted to be fabricated by palm fiber polymeric composite for 

the evaluation against the requirements of aerospace components.  

 

1.1 Problem statement and objectives 

The main purpose of this study is to overcome the poor nature of natural fibers in terms of moisture, 

thermal and mechanical properties to be potentially capable of meeting the aircraft interior 

requirements of FAA, other aircraft agencies and aircraft manufacturers. Fire safety is the main 

specification of these requirements. Overall, in order to employ any components in aircraft interior, 

the flammability, smoke, toxicity and thermal as well as mechanical requirements are required to 

meet. To date [9, 10], very few researches have been carried out on the usage of natural fiber 

polymeric composites for aircraft industry. The question is that whether NF based composites can 
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be used to replace glass/carbon fibre reinforced polymeric composites employed in aircraft 

interiors? In fact, are they capable of passing the FAA and aircraft manufacturer requirements after 

enhancing their flame resistivity, reduced heat release and mechanical performances? 

The core objectives of this study were: 

(a) To characterize, optimize and gain an enhanced understanding of, the fire, heat release, 

thermal resistive and mechanical performances of EFB fibre reinforced composites following 

the inclusion of flame retardant agents (APP, ATH and ZB) and their hybrids. 

(b) To characterize, optimize and gain an improved understanding of, the ignitibility, heat release 

and thermal degradation behaviors as well as the lab-scale mechanical properties of EFB fibre 

composite filled/coated with EG particles. 

(c) To determine the improvement of mechanical performances of EFB fibre composites 

following the alkaline treatment.  

(d) To investigate the structural and flammability responses of honeycomb sandwiched panels 

with EFB fiber reinforced composite skins. 

 

1.2 Hypothesis 

Bio-fiber polymeric composites have engaging properties e.g. their cheap price, renewability and 

high strength to weight ratio. One of the potentials of empty fruit bunch, except for its availability, 

is possessing lower density in comparison with that of other natural and synthetic fibers. Its low 

density is one of the main drivers which demonstrates potential in the field of aerospace industry. 

However, the fallbacks such as flammability behavior of EFB (similar to other NFs), poor 

compatibility of EFB with polymeric matrices of hydrophobic nature, and the high processing 

temperature of thermoplastic polymers (which adversely affects physio-mechanical performances 
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of NFs) [4] broadly limits their wider application, in particular towards aviation industry which 

governs by an exhaustive set of stringent regulatory requirements. Natural fiber reinforcement 

polymeric composites have been widely used in the automotive, furniture and packaging industry 

where the requirement of fire safety is not as stringent as federal aviation administration (FAA) 

[12, 13]. The appealing properties of NF outweigh their unfavorable characteristics and some 

remedies can be applied for the latter.  

Remedial measures such as physical and chemical modification, in particular inclusion of fire 

retardant additives, enhanced the flame resistivity of composites [14, 15]. The main role of a flame 

retardant is to discontinue or suppress the burning of materials [16-18]. FRs are capable of acting 

either physically or chemically in the form of condensed, gas or solid states. Physical mode occurs 

by fuel dilution and creation of a defensive layer upon combustion, whereas chemical mode takes 

place by condensed phases and gaseous reactions [15].   

Cellulose, hemicellulos and lignin are the main elements of natural fibers. Cellulose parts affect 

directly the flammability; more cellulose content causes greater flammability. Additionally, higher 

lignin content makes higher charring properties and reduces the degradation temperature [19-21]. 

Once natural fiber is exposed to high thermal condition, it leads to swelling, contradiction or 

expansion in natural fiber composite. One of the methods to partially alleviate the moisture 

absorption is heating the natural fibers at about 80 ºC for 24 h prior to composite fabrication. 

Chemical fibre treatment can significantly alleviate all the above-mentioned issues relevant to NFs. 

Thermosets create a greater cross-linked 3-D network with natural fibers upon curing than that of 

thermoplastics [22]. Thermosetting resins possess low viscosity prior to crosslinking which eases 

fabrication process through liquid composite molding techniques and demonstrate low processing 

temperature. In addition, processing of thermosetting composites can be performed with much 
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lower processing pressure than that of the thermoplastic polymers [23]. Resin infusion technique 

and compression molding process can be of the best methods for fabrication of the composite. 

Fabrication of complex and relatively large shapes is of the merits of these techniques. On the 

other hand thermoplastics can be reprocessed a few times, however their thermal and mechanical 

properties decreased after each repeated thermal recycling [24]. Moreover, reusability of 

thermoplastics dramatically decreased with the addition of natural fibers [24, 25].  

 The key elements in the design of interior components, according to FAA and aircraft 

manufacturers, are the investigation and analysis of flammability, smoke, heat release as well as 

mechanical behaviors of materials. The fabrication, characterizations, formulations and 

optimizations of EFB fiber reinforced composite were carried out using 

 different flame retardant fillers including Alumina trihydrate (ATH), Ammonium 

polyphosphate (APP) and Zinc borate (ZB), which have been shown to be suitable fire 

retardants to be mixed with epoxy resin in interior parts of transportation industry (as 

recommended by pinfa association of flame retardants in transportation; pinfa is a sector 

group of Cefic, the European Chemical Industry Council), 

 expandable graphite (EG) particles as an effective sort of flame retardant, 

 varying flame retardant loadings, 

 fiber chemical treatment and 

 composites with honeycomb structure.  

 



Chapter 2: Literature review 

 

7 

 

2. Literature review 

2.1 Introduction 

The superiorities of composites over metals in aircraft industry emerge as feasibility to be tailored 

into more complex form, greater physical characteristics, corrosion resistance, stiffness to density 

ratio and unique strength. The application of composites structures has been rising in primary 

structures such as fuselages and wings. As knowledge in this technology flourished, the fuselage 

weight of A380 consists of approximately 20-22 % carbon fiber reinforced polymer (CFRP) and 

glass-fibre reinforced aluminum alloy composites, and 40 % weight of modern Eurolighter is made 

of CFRP [26].  

Why composites are preferred over other materials in aircraft industry? The composites show 

greater stiffness and strength over weight. Figure 2-1 provides some comparative information on 

the mechanical and physical properties of wood, plastics, fibre reinforced composites and several 

metal materials. Wood, plastics and composites show lower density than that of concretes, 

aluminum, titanium and steel. It also displays that the tensile strength and modulus of composites 

are comparable with those of metals.  

However, the purpose of today’s world in aerospace sector is to improve material’s sustainable 

credentials and lower carbon footprints. The ambition of science would be reaching lower cost and 

renewable reinforcement materials with great performance. A lot of progress has been achieved 

on the replacement of carbon and glass fibers with natural fibers from sources such as agro waste, 

animals, crops and plants sources i.e. oil palm, sisal, flax, hemp, kenaf, cotton, bamboo, coconut, 

coir and so on [27-29], which mostly non-structural automotive parts and common household 

utilities have been targeted for this replacement. 
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Figure 2-1 Physical and mechanical properties of various materials including several types of 

composites [30]. 

 

Currently natural fiber composites have been used in different application of automotive industry, 

as shown in Table 2-1, but very few studies have been carried out for their usage in aerospace 

applications. Considering the applications of natural fiber composite in automotive parts, 

employing composites in aerospace interior parts is a practical possibility but with impending issue 

requiring further improvement which formed part of the major aim of the current research work. 

In essence, the main objective of this study is to overcome the drawbacks of natural fibers 

reinforced composite through methodologies such as incorporation of varying formulations of 

flame retardants, fiber treatments, suitable thermosetting choice, expandable graphite and 

honeycomb structure to enhance its mechanical, thermal and flame retardation properties. 
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Table 2-1 Natural fiber composites in automotive applications. 

Material Application Vehicle’s part Ref. 

Sisal-flax fiber mat epoxy composite Mercedes benz (E-class) Door panels [14] 

Lingnocellulosic fiber Construction industry  Partition board, 

ceiling and panel 

[31] 

Flax fiber-reinforced polypropylene Chevrolet impala (2000 

model) 

Rear shelf trim panels [31] 

Flax fiber-reinforced polypropylene Heavy trucks  Freightliner century 

COE C-2 

[31] 

Coconut fibers natural rubber latex  Mercedes benz (A-class) Seats [31] 

 

2.2 Aircraft Interiors 

Aerospace interior components consist of both visible and invisible parts. Invisible items such as 

supporting structures, blankets, insulation, wiring and ducting, and visible parts such as windows, 

closets, bag racks, stowage bins, sidewalls, ceilings, lavatories, seats and flooring. Polymers form 

the major products of interiors including adhesives, sealant, foams, textile fibers (carpets or 

fabrics), honeycomb sandwich composites and molded shapes or sheet. Items known as payload 

parts, e.g. passengers’ clothing, magazines, newspapers, cargo and luggage, are crucial to be 

considered for fire issues, but since the control of fire resistance for these items is very hard to 

achieve, they have not been taken into account in this area of research [32]. 

The materials used in interior components are required to be light and acceptable for cosmetic 

requirements as well as possessing fire-resistant properties. However, no composite material has 

been likely recorded to be optimal and show the incapability of toxic products and generating 

smoke, in addition to non-flammability. Besides, the requirements of each part probably confine 

the application of materials which must be considered in terms of fire-related characteristics. 
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Calamitous fire cases have happened in post-crash accidents while in-flight fires also have been 

caused.  

In this study, accessible zones within the aircraft interiors for in-flight fires have not been taken 

into account since the fire can be immediately extinguished by trained flight crew using 

extinguishing equipment, and, of course, warning systems along with early detection are often well 

designed. But, inaccessible fire areas are very difficult to be extinguished, and maybe flight takes 

a long time to land and evacuate the passengers. Therefore, materials with long-term fireworthiness 

which generate exceptionally low levels of flammability are required to be employed for 

inaccessible aircraft interiors that are the target of this area of research [32, 33]. The adequate time 

for passengers to evacuate an aircraft in a post-crash fire scenario is imperative. The passengers 

would only survive if they leave the aircraft prior to any exposure to toxic, smoke and heat source 

from fire. The aforementioned scenarios can cause physical and mental impairment as well as 

visual obscuration. 

 

2.3 Requirements and design for interior components of aircraft  

The aircraft interiors are defined as every part which is inside of the pressurized shell of the 

fuselage. Part 25 of the regulatory requirements of FAR, which applies to interior parts, falls in 

FAR 25.855, baggage compartment or cargo, and FAR 25.853, compartment interiors [34]. The 

focus of this study would be to meet the requirements of cabin liners such as partitions, ceilings, 

lavatory, stowage bins, upper sidewall, lower sidewall and ducting materials. Figure 2-2 shows the 

interior cabin liner parts. 
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The interior cabin liner components would be designed to satisfy the requirements of the 

manufactures, airline crew and passengers, the airlines, other regulatory agencies and the FAA. 

The design criteria of interiors’ requirements are emanated from the above-mentioned groups. 

Particularly, the fire safety criteria are recommended by FAA regulatory.  

 

Ceiling Stowage 

bins

Flooring Lavatory

Windows

Partition
Lower 

sidewall

Upper 

sidewall

 

Figure 2-2 Schematic view of airplane cabin [34]. 

 

2.3.1 Aircraft materials and interior panel structures 

Sandwich structures are normally used in the interior aerospace industry while some monolithic 

laminate can also be employed. The advantage of the sandwich construction is its high stiffness 

and strength to weight ratio along with a multitude of design possibilities to customize the end 
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properties. Depending on application, various panels with different decorative coverings, core, 

adhesives and face sheets can be employed [32-34]. Some panels for specific applications are 

shown in Figure 2-3 (FAR 25.853(a) and (a-1) are required to be met for these panels). 

 

 

 

 

 

Figure 2-3 Typical cabin panel installation [33]. 
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Ceiling and vertical surfaces are currently made of sandwich panels from a Nomex polyaramid 

core and face sheets of carbon fiber or fiberglass reinforcement and phenolic resin. A combination 

of fiber and resin can provide a face sheet. Commonly woven and unidirectional fiber reinforcing 

materials have been used to configure the face sheets. Fibers are required to possess suitable fire 

resistance and high strength. Traditional fiber materials such as carbon/graphic fibers and aromatic 

polyamides have depicted very high strength to weight ratio but are more expensive. Fiber glass 

is a lower cost alternative which is favorable for most common application with lower strength 

and modulus requirements. Table 2-2 shows the common material’s types applied to different 

aircraft interior components.  

 

Table 2-2 Materials applied in current aircraft interiors [32]. 

Applications  Materials 

Air ducts  Glass/phenolic, epoxy, or polyester for large ducts 

Passenger service units  Carbon or glass/phenolic 

Stowage bins  Carbon or glass/phenolic/Nomex honeycomb 

Partitions  Glass or carbon/phenolic/Nomex honeycomb 

Overhead stowage bins  Carbon or glass/phenolic/Nomex honeycomb and edge urethane foam 

layer and reinforcement 

Upper sidewall panel  Carbon or glass/phenolic 

Lower sidewall panel  Carbon or glass/phenolic/Nomex honeycomb 

Floor and floor covering  Carbon or glass/epoxy or phenolic/Nomex honeycomb floor panels 

 

In the middle 1960s epoxy resins were broadly employed in various applications. By the start of 

1970s phenolic resins were utilized as well. Although they usually include lower strength but low 

smoke emissions and fire resistance are of its good characteristics. Where presence of phenolic 
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resin is not obtainable and/or higher strength is needed for a particular application, epoxy resin is 

used [34]. 

2.3.2 Fire-resistant criteria 

The wider part of FAA regulatory requirements, to a great extent, is on flammability, particularly 

for interior furnishings. The parameters for interior cabin liners involve the flame time, burn 

length, drip flame time, smoke density, heat release rate and total heat release, as shown in Table 

2-3, as well as toxicity. Other interior components including cargo liners and seats are required to 

meet the kerosene oil burners of the type employed in furnaces (home heating sort) which is quite 

a stringent method. The available criteria belong to the interior cabin furnishings involving 

stowage bins, partitions, ceilings and sidewalls. 

 

Table 2-3 Flammability criteria for partitions, ceilings, lavatory, stowage bins, flooring, upper 

sidewall, and lower sidewall (cabin liners). 

Test method Specification FAA acceptance requirements 

Smoke test National Bureau of Standards (NBS) 

smoke chamber 

Less than  specific optical density* of 200 for the period 

of a four-minute test 

Heat release* Ohio State University calorimeter Less than total of 65 kW. min/m2 - for the duration of 

the first two minutes 

Less than peak rate of 65 kW/ m2  - in the course of a 

five-minute test 

Flammability  (1)12 s vertical Bunsen burner 3-second > drip extinguishing time 

15-second > sample extinguishing time 

152 mm > burn length 

* Specific optical density: The amount of smoke generated per unit area (a dimensionless measure) according to light 

transmittance measurement. 

* Heat release (total): The amount of energy emitted by the sample when burned. 

* Heat release rate (peak rate): Highest heat energy emitted by the specimen when burning most severely. 

(1) 60 s vertical Bunsen burner test requirements are mentioned in “Section 2.3.2.2”, which is of the requirements of 

panels whereas 12 s vertical Bunsen burner test is the only FAA test method required to be conducted for air ducting 

materials. 
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2.3.2.1 Ohio State University (OSU) heat release testing 

Ohio State University test is a quantitative technique to analyze the way a specimen burns. The 

samples pushed into the burning combustion so that the rate of heat release (RHR) can be measured 

for products of the composite specimen [35]. 

Based on FAR 25.853 (a-1) or ASTM E906, this apparatus has been recommended and widely 

employed for measurement of the heat release of aircraft interior parts. Major aircraft companies 

including Boeing, Douglas, Daimler-Benz Aerospace, British Aerospace and Airbus are being 

obliged to employ this test documentation [15, 32]. According to heat release criteria, when heat 

flux of 35 kWm-2 is applied to the sample, an average total heat release is required to be less than 

65 kW. min. m-2 during the first two minutes of running, and within the five minutes of experiment 

an average maximum heat release must be below 65 kW.m-2 [36].  The specimen is required to 

insert horizontally in the chamber where a constant flow of air passes. The sample’s thickness 

must be less than 45 mm, and the length and width needs to be 150 mm × 150 mm.  

In order to measure the heat release rate and/or intensity of combustion, other methods have also 

been utilized. The instruments used for these methods are cone calorimeter, bomb calorimeter, 

limit oxygen index (LOI) and pyrolysis combustion flow calorimeter (PCFC) [15]. Bomb 

calorimeter was used in the current research study. 

2.3.2.2 Resistance of materials to flame (as stated in Federal Aviation Regulation, FAR 

25.853 and 25.855) 

The vertical Bunsen burner test is carried out to measure the burn length, drip flame time and flame 

time of specimens. The definition and measuring method of each parameter is shown in Table 2-4. 
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Table 2-4 Definition and measuring method of burn length, drip flame time, flame time and 

ignition time. 

Burn length 

(mm) 

The distance from the original sample edge to the farthest proof of damage 

to the test sample. The damage places are owing to the combustion of that 

parts including parts of embrittlement, charring or partial consumption but 

not areas where material has melted away or shrunk from the heat nor 

including areas discoloured, warped, stained, or sooted.  

Drip flame time 

(s) 

The time in which flaming material lasts to flame after dropping from the 

sample to the bed of chamber. Three conditions might happen. First, on the 

condition no material drops from the sample, drip flame time is reported 0 s 

with the notation “No Drip”. Second, if more than one drip fall, longest 

flaming drip is reported as the drip flame time. Third, once subsequent 

flaming drips reignite earlier drips which are flamed, the sum of all flaming 

drip time is reported as the drip flame time.  

Flame time (s) The time the sample continues to flame after the Bunsen burner flame is taken 

off from the beneath the sample. 

Ignition time (s) The time the burner flame is applied to the sample; either 12 or 60 s is 

acceptable for a particular part. 

 

At least three samples are required to be tested, and samples must be rectangular (75 mm by 305 

mm with required thickness). The flame height will be adjusted 38 mm and the sample is 

inserted with its lower edge, 19 mm higher than the level of the top of the burner. The flame for 

12 or 60 seconds is employed, as considered, and then removed by either turning off the burner 

or moving the burner 76 mm (at least) from the sample. Depending on the ignition time, different 

conditions become acceptable as follows ( 

Table 2-5). 

 

Table 2-5 The flammability requirements of FAR 25.853 (a) and FAR 25.853 (b) for cabin 

materials [34]. 

Ignition time (s) 12 s- FAR 25.853 (b) 60 s- FAR 25.853 (a) 

Average Flame time (s) below 15 below 15 

Drip flame time (s) below  3 below  5 
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Average Burn length (mm) below 152 below 203 

2.3.2.3 Testing for Smoke and toxicity assessment 

This test is required to be done in National Bureau of Standards (NBS) chamber. Smoke optical 

density has to be less than 200 (dimensionless) for the period of four minutes. Furthermore, the 

limit value (parts per million, ppm) for toxicity has been specified by Airbus with the technical 

specification norm of ABD 0031. Table 2-6 shows the limit value of each toxic gas. 

 

Table 2-6 The limit values for toxic gases (Airbus specifications) as collected from pinfa 

association. 

Toxic gas Limit value (ppm) 

CO 1000 

NO/NO2 100 

H2S/SO2 100 

HCN 150 

HCI 150 

HF 100 

2.3.3 Lab scale mechanical standards of interior aircraft components 

Table 2-7 displays the values of different mechanical performances, collected from aircraft 

manufacturers, which define the requirements of aircraft interiors based on ASTM standards. 

Thermoplastics and advanced thermosetting materials have been used for the production of interior 

parts. Major aircraft companies such as BASF Aerospace Materials, EVONIK industries, Gurit, 

KYDEX, Sabic Innovative Plastics, etc are producing the aircraft interiors with these 

performances. The requirements of Federation Aviation Regulation of 25.853 paragraphs (a), (c) 

and (d) have been met for the aircraft parts. 
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The thicknesses of 0.71 to 12.70 mm can be fabricated for different interior components, which is 

dependent upon the interior application, aircraft manufacturer and aircraft model. The materials 

which can meet these requirements possess the capability to be employed in interior components 

including window reveals, tray tables, toilet shrouds, side wall panels, passenger service units, 

molding strips, lightening housings, life vest shrouds, lavatory floor pans, instrument panels, galley 

parts, escape slide pack boards, air ducts, bulkhead laminates and armrests. 

 

Table 2-7 Minimum requirements of lab scale mechanical properties for aircraft interior 

furnishings) based on ASTM standards. Compilation from major aircraft companies [37-51]. 

Mechanical properties Value 

Tensile strength (MPa) Not less than 23 

Elongation (%) Not less than   1 

Flexural strength (MPa) Not less than  63 

Modulus of elasticity (GPa) Not less than  2.22 

Notched Izod Impact (for composites with the thickness > 3mm) Not less than 53 J/m 

2.3.4 The most probable parts to be fabricated from natural fibre composite 

Considering the dimension, design and payload of aircraft interior components, natural fiber 

composites potentially can be used as composite skin for ceilings, sidewalls, partitions, galleys 

and lavatories. These aircraft parts consist of one or two layers of skin on top and at the bottom of 

a honeycomb structure. Therefore, composite skins that are capable of meeting the flammability, 

thermal and mechanical requirements of FAA and major manufacturer companies could possibly 

be considered by aircraft manufacturers for constructions of the relevant cabin panels. The interior 

components including placards, passenger service units, covers and air ducts which do not require 

to have honeycomb sandwich structures are also capable of being produced using natural fiber 

composites that meet the aircraft requirements. 



Chapter 2: Literature review 

 

19 

 

The requisite to decrease fabrication costs has applied excessive pressures on aircraft interior 

designers to create production systems with ease of assembly and manufacturing. Natural fibers 

can be used as two different forms including chopped fibers and mat. Based on the type of fiber 

reinforcement, various fabrication techniques can be employed. On the condition that fiber mats 

are used to fabricate the composites, any types of resin infusion or vacuum technique that is 

capable of infusing the resin mixed with other fillers is favorable. On the other hand, chopped 

fibers composites can be effectively fabricated using compression molding. It is worth noting that 

if the additives or fillers possess large particle size, compression molding method is desirable as 

fillers get stuck in the tubing system (spiral and PVC tubes) and fiber mat during infusion process. 

For the fabrication of conventional carbon or glass fibre reinforced composite to be used for 

aircraft interiors as composite skin or as component, compression molding, casting, hydroforming, 

filament winding, vacuum based techniques, pultrusion, composite lamination which is followed 

by press curing have been employed [52].  

 

2.4 Characteristics of oil palm and natural fibers 

2.4.1 Physico-mechanical properties of natural fibers, their potentials and drawbacks 

In comparison with synthetic reinforcing materials such as carbon or glass, natural fibers have 

numerous merits as well as drawbacks, as shown in Table 2-8. 

Oil palm fibers, a form of lignocellulosic material, are renewable, plentiful and from natural 

resources, are becoming vital for the improvement of sustainable world economy [53]. Besides, 

oil palm fibers bear suitable tensile strength owing to solidity of the cellulose composition [54]. 

By using these fibers, one can substitute them for synthetic fibres and decrease the dependency on 



Chapter 2: Literature review 

 

20 

 

this kind of fibres. Furthermore, compared to other food resources such as sugar cane and corn, oil 

palm is potentially available at lower cost due to being a waste crop in nature and also known as 

an alternative sustainable biosource [55-57]. It has been reported that 30 million metric tons of oil 

palm as waste biomass material have been harvested in the globe and nearly five million hectares 

of oil palm planted in 2011 in Malaysia [58]. Oil palm trees include empty fruit bunches (EFBs), 

fruit mesocrap, frund and trunk. The fibers can be exploited from each of these resources. The by-

product EFB fibers are superior in terms of cost and accessibility. Thus, EFBs have the greater 

potential of being used in environmental friendly polymeric composites. Availability of EFB in 

large amount not just is important, but also possessing the lowest density even as compared to 

other natural fibers indicates a crucial importance for aerospace application (Table 2-9). Lower 

weight must be always taken into account in the aerospace’s designs.  

 

Table 2-8 Merits and drawbacks of crop fibers over traditional inorganic fibers as reinforcement 

in a polymeric material [31, 59-65]. 

Advantages Disadvantages 

Higher specific strength and stiffness than glass Price variation due to agricultural politics or 

even harvest outcomes 

Non-toxicity Weak flame resistance  

Lower energy cost Poorer durability  

No skin issues such as rashes and irritation Limited maximum manufacturing temperature  

Recovering calorific value as terminating its 

life cycle, especially compared to glass 

Weak moisture property which leads to the 

swelling of natural fibers 

Helpful role to global carbon budget Different quality due to diverse whether 

condition 

Suitable thermal and Insolation properties Weaker mechanical strengths particularly 

impact  

Good acoustic insolation and electrical 

resistance 

Weak bonding between fiber and matrix 

Easy production in terms of cost - 

Renewable nature - 

Higher biodegradability - 

Global availability - 

Less abrasiveness for manufacturing equipment - 
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Generally light composite materials possess the highest usage in different applications, particularly 

in aerospace and automotive industry. Therefore, fibers’ density plays a key role in designing and 

fabricating the composites. Table 2-9 provides a comparison of density and mechanical properties 

among various fibers. 

 

Table 2-9 Comparison of the density and mechanical properties among different fibers and 

thermoset material [19, 66-75]. 

Fiber 

type/thermoset 

Density 

(g/cm3) 

Density difference 

between oil palm 

and others (%) 

Young’s modulus 

(GPa) 

Tensile 

strength 

(MPa) 

 

Elongation 

at failure 

(%) 

Kevlar49  1.44 +21.87 131 3600-4100 2.8 

Carbon 1.8 +37.5 131 4000 2.8 

Boron 2.6 +56.73 - - - 

E-Glass 2.7 +58.33 73 1200 2.5 

Oil palm 0.7-1.55 0 0.57-9 50-400 4-18 

Hemp 1.48 +23.98 70 690 1.6 

Tencel 1.55 +27.41 - - - 

Flax  1.50 +25 50 345-1035 2.7-3.2 

Talc 2.75 +59.09 - - - 

Sisal 1.45 +22.41 9.2-22 155-635 2-2.5 

Jute 1.30 +13.46 26.5 393-773 1.5-1.8 

Spider Silk 1.30 +13.46 30 1300-2000 28-30 

Coir  1.2 +6.25 4-6 175 10 

Cotton 1.55 +27.41 5.5-12.5 287-597 7-8 

Bamboo  0.85 - 11-32 140-800 2.5-3.7 

Kenaf 1.4 +19.64 14.5-53 223-930 1.5-2.7 

Thermoset 1.30 +13.46 - - - 

2.4.2 Characteristics of EFB fiber 

Empty fruit bunch (EFB) is preferred against other oil palm tree products due to its cost and 

availability as 73 % of FEBs are yielded up to fibers [11, 12]. 13-25 wt % lignin, 2-14 wt % 

extractives and 17-34 % hemicelluloses are existed in oil palm fibers [2, 4, 5]. There is always an 

interaction between the existing moisture and hydroxyl groups of fibers. The main interactions 

take place between moisture and hemicelluloses. The more a lignocellulosic fiber attracts 
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absorption the faster it loosens the structural stability, and causes poor bonding in composite. 

Therefore, it is desirable to remove the hemicellulose component from fiber through chemical 

treatment. As removal of lignin and hemicellulose accomplishes, the cellulose content increases 

[6].    

Weathering can cause degradation reaction in most natural reinforcing materials. UV rays deform 

the interface in the oil palm fibers, especially where the lignin molecules exist. Due to the UV 

light, photo degradation reaction also causes discoloration in composites through chemical 

reactions in lignin [76]. The reason of degradation and poor bonding between polymer matrix and 

fiber is the presence of hemicellulose, pectin and lignin in the EFBs. Owing to these reasons, 

various forms of chemical surface treatments have been applied to enhance the performance of 

natural fibers in composites, which will be discussed in the next section. Table 2-10 and Table 

2-11 report the contents of palm oil fibers and its physical and mechanical properties, respectively. 

The EFB density and its cellulose content are of good characteristics of this type of natural fiber. 
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Table 2-10 Oil pam fiber contents [77]. 

 

 

Table 2-11 Physical and mechanical characteristics of oil palm fiber [77]. 
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2.4.2.1 Comparison of different surface treatments for EFB fibers 

To optimize and develop the performances of fiber reinforced composites, chemical modification 

of fiber plays a key role in enhancing the adhesion between fiber/matrix interfaces. Efficient 

surface treatment eliminates the original wax and deposits from fiber and increases wetting 

properties, thereby enhancing the mechanical characteristics of composite. Modifying the fibers 

can benefit topological nature, thermodynamic specifications and chemical surface reactions [78, 

79]. Several commonly-used fiber treatments were reviewed and introduced below.  

Fiber surface treatments have been conducted for the optimization of oil palm reinforcing 

materials. The most effective treatment led to the best chemical and physical modification is 

largely attributed to alkali treatment [80]. It was shown that alkali treatment decreased the fiber's 

weight by 22% whereas up to 6% fiber weight reduction was reported for silane treatment [81]. 

The thermal decomposition temperatures of untreated EFB and alkali treated fiber were measured 

325 °C and 350 °C, respectively. Figure 2-4 shows a summary of the effect of several fiber surface 

pretreatment on EFB (OPF refers to EFB fiber in the figure).  

                

 

Figure 2-4 The influence of different types of treatment on the EFB fiber [77]. 



Chapter 2: Literature review 

 

25 

 

2.5 The properties of EFB and natural fiber based composites 

2.5.1 The effects of natural fiber treatment on the mechanical and thermal properties 

Thermal and mechanical characteristics of composites used in aerospace parts are of crucial 

importance. Table 2-12 shows the effect of different types of natural fiber treatment on the 

thermomechanical properties of composites. For areca fiber reinforced composite materials with 

different polymers including epoxy, urea formaldehyde and melamine formaldehyde, it was 

observed that [82] the mechanical properties of alkali treated fiber composite including impact 

strength and flexural strength increased in comparison to untreated ones. Besides epoxy based 

composite demonstrated higher mechanical properties compared to other polymer composites 

used. 

One type of chemical treatment which improved the thermal properties of coconut fibre PP, 

coconut fibre PLA and jute fibre PP composites was Diammonium phosphate (DAP) treatment, 

however, it was found to reduce the mechanical performances [21] , as a summary of results is 

depicted in Table 2-12. DAP of 5 wt% was considered as the best concentration for reducing the 

weight loss and linear burning rate. For coconut PLA and coconut PP composites, flexural strength 

decreased from about 42 to 41 MPa and approximately 31 to 24 MPa, respectively, with the 

incorporation of 5 wt% DAP treated fiber. The values reduced from approximately 19 to 11 MPa 

and about 12.5 to 10 MPa for tensile strength of coconut fiber PLA and PP composites, 

respectively, while flexural modulus increased from about 2.3 to 3.1 GPa for PLA composite and 

from around 1.49 to 1.59 GPa for PP composite. Besides, the mass loss rate and burning 

decomposition rate decreased for both PLA and PP coconut composites. Weight loss rate 

decreased from about 1.22 to 0.88 gr/min for PP coconut composite with the DAP treated fibers 

and also decomposition rate decreased from almost 26 to 15 mm/min. For coconut fiber PLA, 
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weight loss rate reduced from approximately 2.2 to 0.6 gr/min and decomposition rate decreased 

from about 25 to 15 mm/min. Similarly, flexural strength of jute fiber PP composite decreased 

from approximately 48 to 34 MPa with DAP treated jute fiber. Likewise, tensile strength reduced 

from around 31 to 12.5 MPa while flexural strength remained constant. Increased thermal 

performances were observed with the reduction in weight loss rate from almost 26 to 18 mm/min 

and decomposition rate from about 1 to 0.8 gr/min in comparison to those of untreated fiber 

composites. The improved flame retardancy after fibre treatment is due to the creation of ammonia 

and phosphoric acid on the fibre surface that promote protective char formation. The reduction in 

mechanical properties of composites containing DAP treated fibre was explained by the 

incompatibility of PP with DAP on the fibre surface. The SEM micrographs of DAP treated fibres 

reinforced PP and PLA composites showed fibre breakage, which is attributed to the reduced 

internal bonding of fibres with the incorporation of DAP flame retardants. 
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Table 2-12 Varying mechanical and thermal properties of palm and other natural fibers composites due to different fiber treatments 

(comparison between treated and untreated fibers composites). 

Treatment Natural 

composite 

Bending 

strength 

Flexural strength 

(MPa) 

Impact strength 

(J.m-2) 

Tensile 

strength 

(MPa) 

Fracture 

toughness 

 

 

Flexural 

modulus 

(GPa) 

Thermal properties Ref. 

Alkaline Flax-epoxy increase  

Up to 30% 

-   - - - [83] 

Alkaline 

(potassium 

hydroxide 10% 

solution) 

Areca-resin - Significant increase 

for 3 different fiber 

resins including 

epoxy, malmine 

urea formaldehyde 

and urea 

formaldehyde 

Significant 

increase for 3 

different fiber 

resins including 

epoxy, malmine 

urea formaldehyde 

and urea 

formaldehyde 

- - 

 

- 

 

- 

 

[82] 

Silane  Bombyx  mori  

silk fibre 

composite 

- -  - Increase - - [67] 

Alkaline Kenaf 48wt% -

epoxy 

- -  - - - Decrease in 

decomposition temp. 

from 378 to 373 ºC 

and char 

[84] 

Enzyme 

modified 

(mixture of 

lipase, laccase 

and xylanase) 

Palm 30wt%- 

PLA or PP 

- 20% or 27% 

increase 

- 15% or 

18% 

increase 

- - Improved deflection 

temp.7 or 15 ºC 

[85] 

Simultaneous 

alkaline and 

ultrasonic 

Palm-PLA - - Improved from 

almost 12.5 to 18.5 

Improved 

from 

almost 51 

to 63 

- - Improved the 

degradation temp. 

from 330.5 to 350.7 

ºC 

[86] 

Isocyanate  Palm- 

Polyurethane 

(PU) 

- Improved from 

almost 56 to 75 

Improved from 

almost 9 to 12.5 

Improved 

from 21 to 

22.5 

- - - [87] 
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Coupling agent 

(maleated 

polypropylene 

(MAPP)) 

Craft wood-PP - - Improved from 

almost 5.6 to 6.1 

Improved 

from 

almost 39 

to 41 

- - Higher thermal 

stability and 

crystallinity (from 

37.2% to 42.8%) 

[88] 

Diammonium 

phosphates 

(DAP) 

Coconut fiber-

PP or PLA 

- Decreased (value is 

discussed) 

- Decreased 

(value is 

discussed) 

- Improved 

(value is 

discussed) 

Improved mass loss 

and burning 

decomposition rate 

(value is discussed) 

[21] 

Diammonium 

phosphates 

(DAP) 

Jute fiber-PP - Decreased (value is 

discussed) 

- Decreased 

(value is 

discussed) 

- No change Improved mass loss 

and burning 

decomposition rate 

(value is discussed) 

[21] 
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Palm fibers were treated for an hour with different NaOH concentrations of 5 wt%, 10 wt% and 

15 wt%, and produced the palm-rubber composites with 35% fiber mass fraction [89]. The highest 

values of mechanical properties were obtained for the composite reinforced with 5 wt% alkali 

treated fiber. Elongations at break were measured about 730 %, 690 % and 670 % for the 

composites with sodium hydroxide treated fibers of 5%, 10% and 15%, respectively. Additionally, 

the tear strengths of approximately 30.42, 28.49 and 25.50 kN/m, tensile strengths of 9.95, 9.61 

and 8.86 MPa, and tensile modulus of 1.92, 1.85 and 1.80 GPa were obtained for 5%, 10% and 

15% alkali fiber treated formulations, respectively. In another study [90] as displayed in Table 

2-13, higher mechanical performances of composites attained with alkali treated fiber over silane 

treated fiber. 

 

Table 2-13 Comparison of mechanical properties between the palm/sisal rubber composites 

reinforced with either optimal alkali treated (4 wt% concentration) fibers or silane treated fibers  

[90]. 

Treatment Composite Tensile 

strength 

(MPa) 

Elongation 

at break (%) 

Swelling 

index 

Hardness 

(Shore A) 

tear strength 

(N/mm) 

Alkaline Palm/sisal 

rubber 

10.6 466 166 (Better) 83 55 

Silane  Palm/sisal 

rubber 

10 440 280.7 

(Worse) 

65 47 

2.5.2 The effects of fiber type on thermal stability and the effect of fiber fraction on 

mechanical properties of composite 

When high temperature of approximately 260 ºC applies to the natural fiber composite, first 

dehydration occurs followed by oxidative decomposition leading to quick weight loss 

conforming to the char formation at higher temperatures [88]. Fei Yao et al. [5] that studied the 

thermal properties of different natural fibers such as bast, agriculture residue, bamboo and wood 
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fiber found that the fibers decomposed at temperature range between 215 ºC and 310 º C 

corresponding to the activation energy of 160-170 kJ/mol. A comparison of thermal degradation 

temperature among different natural fibers as well as degradation temperature of EFB fibre PLA 

composite are shown in  

Table 2-14. Another study [91] revealed that increasing the doum fiber in polyethylene polymer 

resulted in a slight decrease in thermal stability of the composite. Also it was shown that [91] doum 

fiber polyethylene composite attained maximum flexural modulus at 20 %wt fiber and Young’s 

modulus at 30 %wt fiber. Alexander Naughton et al. [92], which conducted a research on hemp 

fibre polyester composite, indicated that increasing the amount of fiber improved the thermal 

characteristics of char residue. Besides, composites with higher thickness and greater wt% of hemp 

fibre improved the fire resistivity of the composite material. Thermogravimetric analysis [84] 

showed that kenaf epoxy composite presented greater thermal and charring stability with higher 

wt% of kenaf fiber.  

 

Table 2-14 Thermal degradation temperatures of different natural fibers and EFB fiber composite. 

Natural fiber Degradation temperature (ºC) Reference 

Kenaf 297-434 [84] 

Bamboo 250-420 [84] 

Resole, sisal, reed and water hyacinth 290-490 [84] 

Bast, agriculture residue, bamboo and wood fiber 215-310 [84] 

Raw EFB fiber –PLA 330.5 [86] 

 

The effects of palm fiber mass fraction on mechanical properties of different types of polymer 

composites are tabulated in Table 2-15. Depending on the nature of fiber and polymers, various 

optimum fiber mass fractions were observed. The effect of various wt% of palm fiber in PLA 
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composites was studied and found that 30 wt%  palm fiber showed the highest tensile strength and 

modulus compared to 10 wt%, 20 wt% and 40 wt% , attributed to better interfacial bonding 

between fiber and polymer matrix [86]. Another research [93] conducted on palm-epoxy 

composite exhibited that tensile strength increased from about 46.1 to 47.78 MPa with reduction 

in fiber loading from 55 wt% to 35 wt% . 

In a separate study, it was observed that 20 wt% palm fiber presented the highest mechanical 

properties of palm fiber phenol resin composite in terms of hardness, flexural modulus and impact 

energy as compared to other fractions of 0 wt%, 10 wt% and 30 wt% [94]. For palm rubber 

composite [89] investigated for different fiber loadings of 5 wt%, 10 wt%, 20 wt%, 35 wt% and 

50 wt%, it was discovered that 5 wt% fiber exhibited higher tensile properties in the longitudinal 

direction. A study on sugarcane bagasse [95] showed that 20 wt% fiber had the greatest mechanical 

properties compared to other fractions of 0 wt%, 5 wt% and 10 wt%. 

 

Table 2-15 The impact of fiber mass fractions on the mechanical properties of natural fiber 

composites.  

Composite Fiber mass 

fractions (wt 

%) 

Mass fraction with 

higher mechanical 

properties (wt %) 

Mechanical results 

investigated 

Ref. 

Palm-PLA 0-10-20-30-40 30 Tensile strength, modulus [86] 

Palm-epoxy 35-55 35 tensile strength [93] 

Palm-phenol resin 0-10-20-30 20 Hardness, impact, flexural 

modulus 

[94] 

 

Palm-rubber 5-10-20-35-50 5 Tensile modulus, tensile 

strength 

[89] 

Sugarcane bagasse-

PP 

0-5-10-20 20 Tensile modulus, flexural 

strength and modulus, 

impact strength 

[95] 
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2.6 Polymeric Materials currently used for aircraft interiors: Thermosets vs. 

thermoplastics 

It is highly recommended [33] that manufacturing methods for future interiors are required to be 

developed in such a way that composites and plastics can be fabricated at a (1) very low pressure 

as well as (2) temperature. One of the excellent benefits of thermosetting polymer is their capability 

of fabricating composite at low pressures and low (processing) temperatures (typically below 100 

ºC) due to their low viscosity (0.1-10 Pa.s) prior to crosslinking and polymerization. In comparison 

with thermoplastic matrix, a thermoset matrix is more active with oil palm fiber (natural fiber) 

contents such as hemicellulose, cellulose and lignin leading to higher wetting capacity between 

the interface of fiber and matrix, thereby improving the interfacial shear strength for thermoset 

composites [77]. A standard manufacturing method in the aerospace industry is employing liquid 

composite moulding method which is feasible by the means of thermosets. On the other hand, the 

processing viscosity and temperature for thermoplastics are 100-10000 Pa.s and ca. 200 ºC <, 

respectively, which considers an issue for natural fiber composites. Figure 2-5 shows the selection 

process of thermoset material for the current study. High processing temperature can significantly 

reduce the thermo-mechanical behaviors of natural fibers, particularly at the temperatures which 

thermoplastics need to be processed. Furthermore, it is worth noting that currently thermosets 

including epoxy and phenol resins are of the main polymeric materials that employ in the fibre 

reinforced polymeric composites as the components of cabin parts, as illustrated in section 2.3.1. 

Table 2-16 indicate the general difference between thermoset and thermoplastic matrix, and the 

advantages and disadvantages of thermosets and thermoplastics based on aerospace usages [96] 

are shown in Table 2-17, 

Table 2-18 and Table 2-19. Thermosets resins are typically mixed with a suitable coupling agent 
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to provide a low viscosity liquid. Then, curing can be speeded by applying heat to the resin 

contents. But, thermoplastics show high viscosity. They do not cure on heating. On heating, their 

molecules just melt and are capable of reprocessing. Despite of many studies conducted on 

thermoplastics, thermosets have been used for high performance applications. 

 

 

Figure 2-5 Justification of polymer type selection for this study. 

 

Table 2-16 Comparision between thermoset and thermoplastic properties [96]. 

Thermosets Thermoplastics 

Great resistance to solvent  For organic solvents in some cases, limited 

resistance 

Moisture absorption characteristics  Little moisture absorption characteristics 

Possibility of processing in very low 

viscosity 

Highly viscous 

Irreversible processing Reversible processing 

Fracture energy is low  Fracture energy is high 

Strain to failure is low Strain to failure is high 

Existence of chemical reactions as cured No cure required, non-reacting  
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Table 2-17 Advantages and disadvantages of thermosets [96]. 

Advantages Disadvantages 

Creep resistance Refrigeration is vital due to limited storage life 

Practicable resin-liquid manufacturing Cure duration is long 1-2 hours or more 

High formability for complex forms Long time required for processing 

Suitable fiber wetting Moisture absorption properties 

Low processing temperature - 

 

Table 2-18 Merits and drawbacks of thermoplastics [96]. 

Merits Drawbacks 

Great delamination resistance Weak tack and drapability 

Without refrigeration, unrestricted shelf time Creep properties 

Fast processing High processing  pressure and temperature 

Possible reprocessing for post-formable Low resistance to solvent 

Reusable scrap - 

 

Table 2-19 Thermosets vs. thermoplastics in aero-grade industry. 

Thermosets advantages over thermoplastics: 

 Cheaper and more cost-efficient to produce (due to lower pressure and processing 

temperature involved) 

 Toughness cannot be considered as thermoplastic advantages since it will be eroded 

2.6.1 Epoxy thermoset 

Among thermoset resins, epoxy is amongst the most widely used in aerospace industries owing to 

its low shrinkage, high mechanical and chemical properties, and sufficient adhesion to most fibers. 

They are not only applied for fabrication of composites, but also function as prominent adhesives 

and coating for most materials. Since epoxy resin has a low viscosity prior to curing, employing 

resin forming technique such as vacuum resin infusion is highly suitable. It has been showed that 

higher curing temperature tends to increase the Tg (glass transition temperature) of the cured epoxy. 

Epoxies treated at 180  °C and 120 °C showed dry service temperatures of 150 °C and 100-130 
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°C, respectively [96]. The major benefits of epoxies are summarized as follows: 

 capability to optimize the epoxy resin for particular properties by formulation (treatments) 

 ability to adjust the toughness 

 its low volatile thereby increasing the safety 

 good thermal resistance, dimensional stability, chemical resistance and low shrinkage, 

adhesion and processing versatility.  

On the other hand, a few disadvantages of epoxy in comparison with polyesters are high cost of 

aerospace epoxy resin, moisture absorbing characteristic, relatively higher viscosity and slower 

cure, limited resistance to phenol and organic acids and low temperature performance [96]. 

2.6.2 Phenolic resin (PF) in aircraft interiors  

PF resin is one of the thermoset materials used in char, flame and smoke resistant applications for 

aerospace interior components. During curing PF could react with large shrinkage and the cured 

thermoset is generally highly brittle. PFs are highly resistant to elevated temperature and also have 

excellent fire resistant properties under high heat fluxes and flames. The protection takes place 

when a surface layer of porous carbon is formed to slow down the burning process. PFs usually 

use for interior parts where non-structural application with smoke and fire retardant properties is 

required compared to that of mechanical properties. The physical and mechanical properties of 

phenol formaldehyde resin is shown in Table 2-20. In some applications, PF can be replaced with 

thermoplastic resin where higher mechanical properties are required. Thermoplastics could be 

processed with ease through thermoforming albeit its higher cost which must be taken into 

consideration. Three important points which must be taken into account when using phenol resins 

are as follows:  

 the phenolic resins possess lower mechanical properties than other resins such as epoxy 
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owing to the presence of void contents in matrix 

 the resin color is mostly dark brown 

 high pressure is required for its fabrication. 

 

Table 2-20 Typical Physical, chemical and mechanical properties of phenol formaldehyde resin 

(resole type) [97]. 

 

 

Table 2-21 compares the advantages and drawbacks of the most commonly used thermosets for 

aircraft industry. As epoxy resins naturally possess high mechanical properties, great compatibility 

with FR additives and no pre-requisite to be produced at high pressure, this type of thermoset was 

opted for the liquid casting process in this work. The mechanical performances of phenol resin are 

not sufficient by nature to be used for natural fiber composites in order to be considered for the 

considered interior components of aircraft such as panels, ceiling and sidewalls. Phenol resins are 

normally reinforced with glass or carbon fibre to create sufficient strength as composites. The high 

production pressure is not favorable for manufacturing as well. Hence, the resolution was made to 

enhance the flammability and thermal behaviors of natural fibre epoxy thermoset based 

composites. 

For tensile properties of NF reinforced phenolic composites, Marliana et al. [98] reported the 
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tensile strength and modulus of 20 wt% kenaf fibre phenolic composites are about 4 MPa and 0.63 

GPa, respectively. Peng et al. [99] attained the tensile strength and strain of 22.4 MPa and 2.9 % 

for sisal fibre phenolic composites. Oliveira et al. [100] studied sisal fibre reinforced phenolic 

composites, and figured out that flexural strength of phenolic thermoset and sisal fibre (30 wt%) 

phenolic composite was approximately 15 MPa and 63 MPa, respectively. Similarly, Bu et al. 

[101] obtained the flexural strength of 69.9 MPa for sisal fibre phenolic composites. 

These mechanical values are normally higher for NF reinforced epoxy composites, e.g. the tensile 

strength and modulus of 30 wt% woven fibre epoxy composites were recorded 66.5 MPa and 3.26 

GPa, respectively, and the flexural strength and modulus were obtained 92.79 MPa and 4.91 GPa 

[11]. This shows higher mechanical properties of NF epoxy composites than those of phenolic 

counterparts. 

 

Table 2-21. General properties of epoxy vs. phenol resins  [96]. 

 Epoxy Phenol resin 

Tensile, flexural and 

impact properties 

higher Lower 

Manufacturing issue long cure 1.high pressure is required for composite 

fabrication 

2. prone to create voids in the composite 

Resin colour no 

colour/yellowish 

dark brown 

Thermal properties good high 

2.6.3 Recently used thermoplastics for aircraft interiors 

Recently different types of thermoplastic materials such as ABS, polycarbonate, Divinycell F, 

Elastollan thermoplastic polyurethane (TPU), polyphenylsulfone (PPSU), KYDEX thermoplastic 

sheets, etc. have been used for several components of aircraft interior parts without the presence 
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of fiber as reinforcement. These interior aircraft components have been fabricated by major aircraft 

manufacturers.  

 

2.7 Flame retardants 

Flame retardants have been used to improve the thermal and fire resistant performances of 

thermosets, thermoplastics and composites. They can be categorized into organic and inorganic 

compounds based on the elements and chemical formulas (hydroxides, metallic oxides boron, 

nitrogen, phosphorous, chlorine and bromine) which are present in their structures. Figure 2-6 

indicates the different types of FRs. 

For inorganic FRs, the following properties are expected to take place. Most of them act in 

condensed phase by decomposing endothermically. They either release carbon dioxide or water, 

both of which contribute to the inhibition of fire. The fire heat can be absorbed by means of such 

reactions. The char reside inhibits the penetration of heat into the area, leading to the fire 

extinction. Many inorganic FRs promote char and act as smoke suppressant, and all dilute the fire 

zone. Metal compounds such as metal hydroxides and antimony compounds, boron compounds 

such as sodium borate and boric acid, and phosphorous containing compounds such as ammonium 

polyphosphate are of the most widely used inorganic FRs. Organic FRs can be categorized into 

organohalogens and organophosphorus compounds. The halogenated FRs are either bromine or 

chlorine. Brominated FRs are very effective and show more flame resistivity than chlorine 

counterparts. Halogen based FRs pose several environmental disadvantages that led to the 

limitation of their usage in different applications. For organophosphorus FRs, phosphate esters are 

the most commonly employed organophosphorus FRs. Amongst the halogenated 

organophosphorus compounds, halogenated phosphate esters were widely used. 
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Zinc borate (ZB) is a type of inorganic FRs required to be used with other flame retardants since 

this FR is a synergist. Zinc stannate (ZS) and Zinc hydroxystannate (ZHS) are of other inorganic 

non-toxic synergists. Antimony trioxide as an inorganic synergist can only be beneficial when 

blended with other halogenated FRs. Such combination offers the benefit of reducing the quantity 

of halogenated FRs being incorporated in polymer matrix. Ammonium phosphate (APP), on the 

other hand, is a dehydrating compound, which leads to a swelling (or intumescent) mechanism 

upon fire. APP catalyzes the dehydration reaction of other compounds through a swelling 

mechanism. Besides dehydration, APP also participates in the formation of residual char leading 

to its larger usage (Figure 2-7). In the swelling mechanisms, low heat spread, more carbon 

concentration, thick char film and high viscosity of melt of decomposed polymer are amongst the 

reasons that contribute to the reduction in the smoke and gases as well as flammability [103].   

 

 

Figure 2-7 Swelling system when polymer is exposed to fire in the presence of APP (the figure 

was quoted from Norwegian Pollution Control Authority or SFT). 
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Red phosphorus provides flame retardancy thanks to the creation of phosphorous-oxygen links as 

well as formation of a heat shield on the surface of the polymers. The main weaknesses of this 

flame retardant are the creation of phosphine gas, which is toxic, during long storage and ignition 

and also its red color which causes polymer discoloration.    

Alumina Trihydrate (ATH) acts as flame retardant partially owing the reduction of the volatile 

gases by formation of water molecules through dehydroxylation and partially contributing to a 

heat sink effect. When ATH thermally degrades above 200 ºC, alumina forms on the surface which 

is a heat-insulating barrier that inhibits more fire spread to the inner space of the polymers. 

Typically, in order to attain desirable flame retardant characteristics, a large amount of ATH is 

needed. The loading level of ATH can be decreased with appropriate spreading in the polymer, 

modification of surface and proper size of particles. Magnesium hydroxide (MDH) has similar 

properties and reactions as ATH whereas the thermal degradation of MDH is greater, 

approximately 325 °C.  

 

2.8 Flammability and smoke properties of natural fiber composites 

Fire retardants additives offer different materials i.e. thermosets, thermoplastics, textiles and 

rubbers the flame retardancy to diminish or delay the process of combustion.  Each stage of self-

sustaining polymer composite burning cycle (as seen in Figure 2-8) can be terminated by FRs, 

resulting in quenching of the fire or decreasing of the burning rate [16-18, 104-110].  
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Figure 2-8 Self-sustaining polymer composite burning cycle [110]. 

 

Methods to overcome the flames or the combustion rate can be categorized as: first, reducing the 

heat feedback to the material to prohibit more pyrolysis (last stage on the top left side of figure); 

second, introducing constituent into the polymers which releases effective fire inhibitors i.e. APP 

agent (flame stage); third, the separation of fire from the atmosphere or air supply; forth, reducing 

the combustible volatiles with the modification of the pyrolysis process, which occurs with the 

formation of a thermal barrier between the flame and polymer to form a charred layer 

(commencement  of cycle). Numerous FRs have been developed for composites and polymers.  A 

number of them are appropriate for fiber reinforcement composites [111]. Chemicals for instance, 

melamine cyanurate, and aluminum trihydroxide (ATH) [112], boric acid with magnesium 

hydroxide [113], ammonium polyphosphate with expandable graphite [114, 115], ammonium 

phosphate (APP) [112, 116] and diamond phosphate (DAP) [117, 118] have been added into the 

thermoplastics or thermoset resins to upgrade the fire retardant characteristic of the composites.  
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Some common approaches have been employed to introduce FRs to composites such as 

modification or impregnation of fibers with FRs prior to manufacturing process or coating of the 

composite with FRs at the finishing step [13, 119]. In addition, the most common method is to mix 

fire retardant, polymer and/or fibers during processing [111].  

2.8.1 Flame retardants for natural fiber reinforced polymer composite 

Various properties of smoke and flammability are controlled by numerous factors as follows: (1) 

nature of polymer matrix, (2) nature of natural fiber, (3) bonding between fiber and polymer and 

(4) structure of polymer composite [13, 90, 120-122].  

Ammonium polyphosphate (APP) as flame retardant was incorporated into polybutylene succinate 

(PBS), and led to the phosphorylation of flax fiber and hot hydrolysis of polymer [4] , but created 

lower thermal stability, as shown in Table 2-22. The role of flame retardant was to generate a 

protective layer thanks to the fiber structure protection and the charring of the polymer. 

Consequently, the peak of heat released rate reduced considerably due to the applied flame 

retardant. Table 2-22 and Table 2-23 displays the flammability properties (including pHRR (peak 

of heat release rate), TTI (time to ignition), EHC (effective heat combustion), MARHE (maximum 

average of heat emission), mass residue and thermal degradation temperature (Td) of flax fibre 

polymer composite in the presence of 5 % APP flame retardants. The composite fabrication 

process first commenced with the addition of APP to the polymer, and then an internal mixer was 

employed to blend the mixture of fiber and polymer. Finally, materials were compressed in a mold. 

Moreover, in this research the significance of lignin in improving the flame retardancy was 

emphasized. In the other study [123], drip flame properties of ramie fiber PLA composite reduced 

when the microencapsulated ammonium polyphosphate was used as flame retardant.   
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Table 2-22 TGA results for biocomposites [4]. 

 

 

Table 2-23 Cone calorimetry results of composites [4].  

 

 

In another study [124] 25 % chopped flax fibre was reinforced to PLA/TPS (thermoplastic starch) 

bio-matrices. In order to improve the flammability resistivity of this biocomposite a new 

phosphorous-silane (PSil), acted as an agent for surface treatment, and glycerol phosphate (GP), 

as a plasticizer of starch with fire retardant properties, were blended together. The most effective 

flammability reduction was recorded when addition of 10 wt% APP was applied to the 

biocomposite. The observations showed a 40 % decrease of heat emission, high value of LOI (33 

vol%) and best rating of UL 94 classification (V-0). Higher values of LOI (%) show greater flame 

resistivity.  Table 2-24 and Table 2-25 show the flammability and smoke generation recorded for 

the biocomposite. The peak of heat release rate (pkHRR), TTI, total heat release (tHR) and mass 

residue were measured using calorimetry tests. 

 



Chapter 2: Literature review 

 

45 

 

Table 2-24 LOI and UL-94 classification results [124]. 

 

 

Table 2-25 The calorimetry test results of the biocomposites [124]. 

 

 

Dhanushka et al. [125] reinforced 30 % hemp fiber into PLA polymer which contained multi-

walled carbon nanotubes (MWCNT) and sepiolite nanoclay (Sep) as flame retardants. Compared 

to the PLA ternary system which was based on sepiolite nanoclay and multi-walled carbon 

nanotubes, the addition of hemp fibers reduced the total smoke release and amount of CO, and 

increased the residual mass. However, the peak heat release rate, total heat release and amount of 

CO2 increased. The values obtained from cone calorimetry study are presented in Table 2-26.   
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Table 2-26 The results obtained from cone calorimetry tests [125]. 

 

 

Alhuthali et al. [126] considered 40% recycled cellulose fiber (RCF) to be reinforced separately 

into vinyl-ester polymer (VER) and vinyl-ester nanoclay composite using electrical mixer. Among 

the pure polymer, fiber reinforced polymer and fiber reinforced nanocaly (NC) composite the 

latter, nanocomposite, proved to possess greater flame retardancy and thermal stability, followed 

by cellulose reinforced polymer composite (Table 2-27). Nanoclay contributed to reduction of the 

flammability of the composite system by acting as both fire insulating agent and also processing 

the role of a mass transport barrier for decomposition of volatile products [127-129]. Furthermore, 

the formation of char improves by the addition of nanoclay [130, 131]. 

 

Table 2-27 The results of flammability test [126].  
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In another study, the effect of the addition of banana natural fiber and nanoclay on the MA grafted 

PP (M-g-PP) polymer was investigated [132]. Melt interaction was used to fabricate 

nanocomposite, where melt blending was employed to mix the fibers into nanocomposite, and then 

the mixture was compression-molded. The composite system named OPP had the constituents of 

MA-g-PP, clay and PP with the concentration of 5 w%, 3 w% and 92 w%, respectively. 10 wt%, 

20 wt%, 30 wt% and 40 wt% banana fiber was added to 3 wt% of nanoclay and 5 wt% of MA-g-

PP to produce composites. In terms of flammability, HRR significantly decreased in the presence 

of clay filler compared to PP polymer (Table 2-28). One reason is attributed to a rise in absorbing 

radiations because of the nanoclay aspect ratio which is high or the alteration in thermal properties, 

and the other one is that the nanoclay acted as a barrier owing to providing the modification of 

degradation condition in the matrix. For banana fiber reinforced composites, the incorporation of 

natural fibers was found to increase the mass loss and HRR compared to the nanocomposite (OPP). 

10 wt% fiber nanocomposite presented the lowest total heat release, HRR and total smoke release 

relative to that of 20 wt% and 30 wt% fiber reinforced nanocomposites. 

 

Table 2-28 The results of cone calorimetry study for PP, OPP (nanoclay filled PP composite) and 

nanocomposites reinforced with 10 wt%, 20 wt% and 30 wt% fiber [132]. 

 

Numerous flame retardants were incorporated into thermoset and thermoplastic polymers 

reinforced with natural fiber, and increasing addition of FRs was shown to enhance the flame 

resistivity and thermal properties of composites using vertical burner test, TGA experiment, 



Chapter 2: Literature review 

 

48 

 

calorimetery study, LOI, UL rate test, etc. [9, 11, 15, 98, 133-162]. However, Ohio State University 

calorimeter and National Bureau of Standard smoke chamber tests are required to be conducted in 

order to evaluate the possibility of employing natural fiber reinforced polymeric composite flame 

retarded with suitable FRs in aircraft interiors. Despite enhancing the flame retardancy and thermal 

behaviors, increasing FRs can lead to a drop in the mechanical properties. 

The flame resistance and thermal properties of thermosets material such as polyesters and epoxy 

can be enhanced using phosphorus and phosphorus-halogen compounds, halogenated mixtures 

with the addition of antimony oxide, and aluminum oxide trihydrate [163]. Aromatic bromine has 

been used in commercial applications, but its high corrosiveness and toxicity are the disadvantages 

of this flame retardant when charred. Owing to the environmental disadvantages posed by halogen 

compounds, this study focused only on non-halogenated flame retardants comprising of 

phosphorous, boron and aluminum compounds.  

A list of suitable halogen-free flame retardants that have been used for interior components of 

aviation, car, bus, rail vehicles and ship is shown in Table 2-29. As highlighted, APP and ATH are 

being widely used to produce effective FR systems for all epoxy and other types of resins in all 

the mentioned parts of interiors. In addition, zinc borate is used in flame retardant systems and, is 

a known synergetic agent and smouldering suppressant.  
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Table 2-29 Suitable halogen-free flame retardants (HFFR) for various resins and polymers used 

for interior components of car, bus, rail vehicles, ship and aviation. (pinfa association [164]) 
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2.8.2 Expandable graphite as flame retardant in composites 

Expandable graphite (EG) is a halogen free intumescent flame retardant, which is water insoluble 

and environment friendly. Graphite flake consists of stacked layers of graphene sheets with the 

hexagonal sp2 hybridized carbon lattice [165, 166]. Its carbon atoms arranged in a 2D structure are 

covalently bonded together through van der Waals forces which are weak. Nitric acid and/or 

sulphuric acid as blowing agent are intercalated into the crystal carbon layers of graphite structure. 

In the event of heat, such intercalated graphite flakes are capable of exfoliation along c-axis. EG 

expands in the condensed phase and decreases the smoke density. The oxidization of EG occurs 

upon endothermic combustion at high temperatures. The chemical reaction between EG and 

sulfuric acid is shown below: 

2 H2SO4 + C → 2 H2O ↑ + 2SO2 ↑+ CO2 ↑   (1) 

Graphite intercalation compound exfoliates rapidly and forms worm-like structure with a very 

low density of 0.006 g cm-3, which acts as an insulating barrier on the burning surface to inhibit 

the mass and heat transfer [167]. Recently expandable graphite have been focused as material 

which can significantly improve the flame retardancy [168]. 

The effect of expandable graphite (EG) was reported from a recent work [166], and it was found 

that the incorporation of 24 wt% EG into a 50 wt% wood-recycled polypropylene increased the 

LOI value significantly. Kuranska et al. [165] produced bio-based polyurethane-polyisocyanurate 

(PUR-PIR) foam composites with 150 and 250 isocyanate indices. They used two techniques to 

attain bio-polyols: epoxidation with transesterification (ROPtr) and opening oxirane rings 

(ROPep) with triethanolamine. In order to improve the flame retardancy of composites, EG with 

the concentrations of 3 wt%, 6 wt% and 9 wt% was used. Oxygen index of composites increased 

at higher amount of EG particles for composites with varying isocyanate index (Figure 2-9). 
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Figure 2-9 The impact of EG particles on oxygen index percentage of PUR-PIR foam composites 

with different isocyanate index (150 and 250) [165]. 

 

Cone calorimeter test was used to characterize the flame performance of PUR-PIR composites, 

and the parameters including heat release rate (HRR), time to ignition (TTI), peak of the heat 

release rate (p-HRR), total heat release (HRR), total smoke release (TSR), heat release rate (TTP) 

and maximum average rate of the heat emission (MARHE) were obtained. As shown in Table 

2-30, HRR, p-HRR, HRR, TSR and MARHE reduced remarkably with increased loading of EG 

particles. TTI did not show any special trend with the inclusion of EG and generally TTP decreased 

with increasing concentration of EG particles. For example, the value of p-HRR decreased from 

240 kW/m2 to 136 kW/m2 with the addition of 9 wt% EG into ROPep/150 composite as well as a 

significant reduction in released smoke from 560 m2/m2 to 288 m2/m2 was experienced. For the 

symbols mentioned in Table 2-30, the numbers of 150 and 250 show isocyanate index, and the last 

numbers (i.e. 3, 6 and 9) after slash indicate the weight percentage of EG in the composites.  
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Table 2-30 Cone calorimeter test results of PUR-PIR foam composites and the effect of EG on 

flammability parameters [165]. 

 

 

TGA results showed that thermal degradation temperatures at 5%, 25% and 50% mass loss did not 

change significantly whereas the mass residue at 800 °C improved with addition of EG particles 

(Table 2-31). 

 

Table 2-31 TGA results of foam based composites varying expandable graphite [165]. 
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Yang et al. [169] investigated the effect of 10-20 wt% EG particles on epoxy resin and found that 

lower values of HRR and  p-HRR were obtained from the cone calorimeter measurements with 

the incorporation of EG particles. Liu et al. [170] studied EG filled high impact polystyrene (HIPS) 

with UL-94 and LOI tests, as shown in Table 2-32. The amount of expandable graphite (wt%) is 

displayed after EG in the table. V-0 rating attained for the composite filled with 50 wt% EG and 

this formulation indicated highest value of LOI (28.7%) relative to other composites. 

 

Table 2-32 UL-94 and LOI results of polystyrene flame retarded by EG [170]. 

 

 

Laachachi et al. [171] studied the effect of incorporating 5 to 50 wt% of EG on the flammability 

properties of epoxy resin. From cone calorimeter measurements, TTI, pHRR and THR were 

recorded, as shown in Figure 2-10. TTI rose with increasing content of EG particles in the 

composites, followed by a steady enhancement of p-HRR with increasing incorporation of EG up 

to 25 wt% and then a sudden drop of p-HRR with the addition of 50 wt% EG. The THR values 

reduced with increasing addition of EG particles except for 15 wt% EG loaded formulation. 
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Figure 2-10 Cone calorimeter measurements of time to ignition (TTI), peak of heat release rate (p-

HRR) and total of heat release (THR) for epoxy resin flame retarded with 5-50 wt% of EG [170]. 

 

Bai et al. [172] produced a composite with 40 g polypropylene grafted with  9 g of m-isopropenyl-

α,α-dimethylbenzyl-isocyanate  (m-TMI-g-PP) and reinforced with 60 g wood flour. The tested 

results of the composite were compared with another composite with the same amount of 

constituents as well as 25 g EG particles. With regards to mechanical behaviors, the tensile strength 

(MPa), elastic modulus (GPa), elongation to break (%), flexural strength (MPa) and notched 

impact strength (kJ/m2) reduced with the incorporation of 25 g EG from 26.2, 249.2, 17.9, 60.2 

and 2.3 to 21.3, 177.3, 15.9, 51 and 1.9, respectively. However, the thermal behavior and flame 

retardancy improved with the addition of EG. The values of LOI%, UL-94 rating and char residue 
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at 800 °C from TGA test demonstrated remarkably enhancement. The p-HRR and THR values 

from cone calorimeter test reduced noticeably, and ignition time (IT) improved significantly.   

Several types of EG with different expansion ratios and pH levels, as displayed in Table 2-33 

[173], were incorporated into magnesium hydroxide (MDH) filled ethylene vinyl acetate (EVA) 

to produce the composites shown in Table 2-34. From the LOI and UL-94 (Table 2-34) as well as 

the cone calorimeter results (Table 2-35), it was observed that higher expansion ratio of EG 

particles increased the LOI value, provided the V-0 level, reduced the effective heat of combustion 

and enhanced the time to ignition whereas the variations in pH of EG particles did not provide any 

specific trends. Therefore, EG particles with higher expansion ratio, which is 510 ml/g, was used 

in the current work, included in chapter 5. The expansion ratio is defined as the volume of EG 

produced per gram of graphite product, which is measured in litre per gram. (The grams of graphite 

needed to produce 1L of EG.) 

 

Table 2-33 The physical and chemical properties of different types of EGs. 

 

Table 2-34 The EVA formulations loaded with several types of EG show different flammability 

characteristics. 
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Table 2-35 The effective heat of combustion (EHC) and time to ignition (IT) obtained from cone 

calorimeter test. 

 

Literature studies on the effect of EG on flammability reduction, thermal and mechanical 

properties enhancement for epoxy resins reinforced with natural fibers are generally lacking, in 

particular those employed oil palm EFB fibers as reinforcing agent.  

 

2.9 Federation Aviation Regulation testing 

2.9.1 Vertical Bunsen burner experiment 

Chai et al. [10] set up a vertical Bunsen burn experiment which was similar to FAR 25.853 60s, as 

presented in Figure 2-11. The specimens measuring 70 mm × 290 mm were vertically positioned. 

Two different types of twill weaves (TW1 and TW2) and one unidirectional (UNI) flax fibers were 

used to produce three different natural fibre based epoxy composites. In addition, the glass fibers 

of plain weave (PW), twill weave (TW) and unidirectional were used as reinforcement to produce 

three variant of glass fibre epoxy composites. Fiber fraction ranging from 37 to 39 wt% with 

thickness of 6.2 to 6.6 mm were fabricated using resin infusion molding. 
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Figure 2-11 Flame adjustment and the specimen positioned for vertical Bunsen burner test [10]. 

 

Figure 2-12 shows that the flax fiber reinforced epoxy composite specimens burned intensely 

compared to that of glass fiber epoxy composites owing to the progressive degradation of fiber 

structure as well as the nature of natural fiber that acts as fuel source. The combustion process and 

pyrolysis were faster and greater in natural fiber composite. Natural fiber composite twisted and 

shrunk along the length and width whereas the glass fiber samples maintained their initial shape. 

As shown in Table 2-36, larger mass loss was observed in flax fiber epoxy composite than that of 

glass fibre reinforced formulations. 

 

Table 2-36 The results of vertical burner tests for the epoxy composites reinforced with flax and 

glass fibres [10].  
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Figure 2-12 The specimens still burning after 180 s. a) TW2 natural fiber, b) TW1 natural fiber, c) 

UNI natural fiber, d) TW glass, e) PW glass and UNI glass fibre composite specimens [10]. 

 

It can be concluded that natural fiber composite itself does not have the potential to meet the safety 

requirements of aircraft interiors. The presence of compatible FRs can contribute to the 

enhancement of their flame resistivity. However, a series of comprehensive flammability tests is 

required to be carried out to ensure that materials are capable of being utilized in the interior parts. 

Vertical Bunsen burner, Ohio State university calorimeter and National Bureau of Standard smoke 

chamber requirements of FAR standards are required for validation. Results obtained from these 

two mentioned tests were not found to be reported for natural fiber reinforced composites, to the 

best of author’s knowledge. 

 

2.10 Nomex honeycomb panels using composite skins 

For the aircraft interiors components including ceilings, partitions, galleys, closets and lavatories, 

a Nomex honeycomb core is bonded to glass or carbon fiber reinforced composite skins on both 
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sides of the core. The epoxy adhesive film, prepreg materials and pre-impregnated skins are of 

main methods to adhere the honeycomb core to composite skins. The Nomex honeycomb core 

used for aircraft interior components is made of phenolic resin impregnated aramid paper required 

to possess the cell size of 3.175 mm. The recent (last four years) publications on Nomex 

honeycomb core bonded to composite skins are shown in Table 2-37. The reports highlighted that 

panels were fabricated for application in public transport industries and not any specific parts of 

vehicles were highlighted. The skins are generally made of composites with phenolic or epoxy 

resin reinforced with carbon or glass fiber. All the parts of composite panels used for aircraft 

interiors including Nomex honeycomb and composite skins must meet the safety requirements of 

airplane interior standards (FAA). The detailed properties of honeycomb panels are further 

discussed in section 6.1. 

 

Table 2-37 Summary of the recent researches on Nomex core panels with composite skins. 

Stabilized compressive 

strength (MPa) 

Core material/adhesive properties Composite skins Cell size 

(mm) 

Density 

(kg/m3) 

Ref. 

1.72 (ASTM C 365) Hexagonal Nomex Carbon fiber epoxy 3.2 48 [174, 

175] 

Compression tests were 

conducted  

after tensile test 

Hexagonal Nomex/ Epoxy 

adhesive film 

Glass fiber epoxy 4.8 32 [176, 

177] 

Compression tests were 

conducted  

after tensile test 

Hexagonal Nomex/ Epoxy 

adhesive film 

Glass fiber epoxy 4.8 64 [176, 

177] 

2.08 (ASTM C 365) Hexagonal Nomex/prepreg 

material (autoclave molding) 

E-glass fiber 

phenolic resin 

3.175 48 [178-

180] 

0.8 (ASTM C 365) hexagonal Nomex/Epoxy 

adhesive film in an autoclave 

Carbon/bismaleimide 

(resin) composite 

 

4.76 32 [181] 
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2.11 Summary 

Currently, most of the ceilings, partitions, lavatories, galleys and sidewalls are comprised of 

sandwich panels fabricated from a Nomex honeycomb core and synthetic fibre based polymer 

composite skins, in particular sheets of phenolic or epoxy resin reinforced with fiberglass or carbon 

fibers. The top surfaces are covered with highly formable decorative thermoplastic films that are 

printed in a variety of complex patterns and colors and are embossed in a wide selection of textures 

and gloss levels. Various parts of stowage bins, air ducts, windows and insolation have also been 

fabricated with the composites that met the aircraft interior requirements without the honeycomb 

core in the structure. However, the world’s focus on lowering carbon footprints and increasing 

sustainable credentials of materials are particularly pertinent in the aerospace sector. The 

unrelenting passion of sustainability has led to an expanding search for high performance, 

renewable fibers reinforced composites with affordable cost. There has been numerous 

development reported on the potential of replacing synthetic fibers with natural fibers sourced 

from plants, crops, animals, agro waste and other natural resources such as oil palm, coconut, coir, 

bamboo, sugarcane, pineapple, wheat straw, rice husk, banana, sisal, cordenka, flax, hemp, kenaf, 

cotton, betelnut, etc. [27-29, 182] with majority targeted on non-structural automotive components 

and general household utilities [183-187]. However, the challenges of producing palm based fiber 

composite fit for aircraft interiors are its ease of biodegradability and combustibility as well as 

difficulty in removal of the residual oil content which hinders optimum adhesion between fiber 

and matrix. From the current data published in the field of natural fiber composites, it can be 

revealed that appropriate polymeric matrix with effective treatment of natural fiber offers the 

potential to meet the lab scale mechanical properties of aircraft interiors as composite component 

or composite skin of Nomex honeycomb core, however, safety factors including flammability, 
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heat release, smoke and toxicity, which are the main elements of FAA standards, are generally 

lacking in terms of investigation carried out according to FAR specifications. Besides, very few 

publications were reported to evaluate the flammability and mechanical properties of Nomex 

honeycomb panels with natural fiber composite skins.  

The current challenge, in order to meet the requirements of aircraft interior parts, is to fabricate 

composites with approved mechanical characteristics [188-190] as well as effective flame 

retardancy [190-192]. The summary of selection criteria for choosing materials and methodology 

is outlined as follows: 

1- EFB fibers as a natural fiber not only are widely available in Malaysia, but also 

comparatively show lower density relative to other types of natural fibers, which form the 

main driver for component growth of aircraft interiors.  

2-  As discussed in Section 2.8, higher concentrations of flame retardants improve the flame 

resistivity, smoke and thermal behaviors of composite materials. Various flame retardants 

have been employed that among which APP has been widely used due its effectiveness at 

low concentration compared to other flame retardants [193, 194]. ATH and ZB were also 

widely used in transport industries for fabrication of composites. Depending upon polymer 

type and the required application, compatible and proper flame retardants are required to 

be considered. As demonstrated in Table 2-29, the application of numerous FRs for the 

interior parts of car, bus, rail vehicles, ship and aviation is highlighted. The most widely 

used flame retardants that showed potential for use with epoxy polymer and other resin 

based systems are APP and ATH. Zinc borate as a synergistic material has also been used 

with epoxy resin as the interior components as well. Expandable graphite as an effective 

flame retardant with several expansion ratios and pH levels was previously investigated, 
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and concluded that higher expansion ratio of EG creates greater flame resistivity. In the 

current study, EG particles with the expansion ratio of 510 ml/g was used. 

3-  Despite the fact that increasing the amount of FRs in composites enhance the flame 

retardancy of composites, they may deteriorate the mechanical properties. Therefore, the 

lowest amount of FRs that are capable of meeting the requirements is taken into account. 

The attempt is to apply less than 20 wt% flame retardants to refrain from significant 

reduction in the mechanical properties. In the current work, the maximum amount of flame 

retardant to be incorporated into composites is 15 wt%. 

4-  After obtaining the optimum formulations from FR and expandable graphite filled 

composites, it is crucial to improve their mechanical properties via chemical fiber 

treatment. As discussed in Section 2.5, natural fiber treatment is capable of enhancing the 

mechanical properties of the composite. Alkali treatment improves the interfacial adhesion 

between polymer and natural fiber by eliminating the wax and deposits from the surface of 

natural fibers.  

5-  Thermosets do not require high temperatures during pre-cured fabrication of composite 

and are highly compatible with natural fibers. The processing temperature of thermoplastic 

is about 200 °C<, which tends to damage the structure of EFB fibers as well as lowers the 

thermal performances of natural fibers. Epoxy resin is selected due to higher mechanical 

properties in comparison to phenol resin and also it is not necessary to use high pressure 

for the fabrication of epoxy based composites. The fire resistivity of epoxy composites can 

be effectively enhanced by the inclusion of suitable flame retardants. 

6-  In order to meet the requirements of FAA, aircraft agencies and aerospace manufacturers, 

the flammability behaviors as well as mechanical performances must be investigated. In 
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this study, the flammability tests (vertical Bunsen burner experiment including FAR part 

25.853-b and 25.853-a) as well as other lab scale mechanical testing experiments were 

performed. However, two more instruments are required to evaluate the performance of 

composite materials for use as interior components of aircraft. Ohio State University 

calorimeter that measures the amount of heat release and National Bureau of Standards 

(NBS) smoke chamber machine that measures the specific optical density. These analyses 

could not be outsourced for conducting experiments in the current work due to several 

limitations. To compensate for Ohio State University calorimeter, the bomb calorimetry 

study was conducted to measure the gross heat of combustion. But, no equivalent value is 

available to convert the values to an equivalent of heat release value from Ohio State 

University calorimeter test.  

In addition to that, few other tests such as thermogravimetric analysis (TGA), field 

emission scanning electron microscope (FESEM), and energy dispersive spectroscopy 

(EDX) were carried out for the palm fiber reinforced FR filled composites and formulations 

with expandable graphite. Besides, combined confocal Raman spectroscopy and atomic 

force microscopy (AFM) and furnace test were performed for expandable graphite 

particles. Dynamic thermal mechanical analysis (DMA) was also conducted for the EG 

filled composites. Finally, the mechanical and flammability performances of Nomex 

honeycomb panels with the natural fiber composite skins were analyzed. 
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Chapter 3 

3. Methodology 

3.1 Materials  

Alumina Trihydrate (ATH) of Hydral PGS-SD grade with median particle size of 1 µm in 

diameter, specific gravity of 2.42 g/m3, pH value of 9~10 and decomposition temperature of 220 

°C and Zinc Borate 400 grade (ZB) with particle size of 3-5 μm and specific gravity of 2.67 g/m3 

and temperature of dehydration of 290 °C was provided by J.M. Huber Corporation (Malaysia). 

ZB had zinc oxide (ZnO) content of 37~40 %, borate oxide (B2O3) of 47~49 % and water (H2O) 

quantity of 13~15.5%.  Ammonium polyphosphate (APP) phase II powder of grade Exolit AP 422 

(degree of polymerization greater than 1000) with decomposition temperature of more than 275 

°C, density (at 25 °C) of 1.9 g/m3, particle size of less than 50 µm, distribution particle size of 

more than 95 wt%, pH value of 5.5~7.5, phosphorous content of 31~32 % w/w and nitrogen 

content of 14~15 % w/w was provided by Clariant (Singapore) Pte Ltd. An ambient cure two-part 

epoxide resin system Ultimeg 2020 were provided by AEV Asia Sdn Bhd (Malaysia). The 

viscosity of mixture of epoxy (Ultimeg 2020 base) and hardener (Ultimeg 2020 hardener) at 25 °C 

was measured 0.2- 0.6 Pa.s and had the specific gravity of 1.1. The chemical structure of the epoxy 

and hardener is shown in Figure 3-1. Pulverized palm empty fruit bunch fiber (hereinafter stated 

as EFB) was purchased from Szetech Engineering Sdn. Bhd. The EFB fiber had an average length 

in the range of 10- 20 mm and bundle diameter of 100 - 200 µm (Figure 3-2 (a) and (b)). Another 

type of EFB fibers with 1-3 mm in length was supplied by PolyComposite Sdn Bhd. The average 

density and diameter of the EFB fibres were 1.07 g/cm3 and 100-400 µm, respectively (Figure 3-2 

(c)). Sodium hydroxide with minimum 99% alkalimetric titration used for the chemical treatment 
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of EFB fibers was purchased from R&M Chemicals. Resin infusion equipment and tools were 

supplied by (Easy Composites Ltd) and a water based formaldehyde-free cross-linked acrylate 

binding agent, Acrodur DS 3530, was supplied by BASF Malaysia Sdn. Bhd. The binder had 

approximately the solid content of 50 %, pH value of 3.5 and viscosity of 150~300 mPa.s. The 

chemical structure of Acrodur DS 3530 is illustrated in Figure 3-3 .Expandable graphite (EG) was 

supplied by Qingdao Kropfmuehl Graphite Co. Ltd. with carbon content and expansion ratio of 

99.1% and 510 ml/g, respectively. Ash content and moisture were measured 0.9% and 0.34%. 80% 

of EG particles showed the particle size of more than 300 µm, 1.2% below 150 µm while the 

remaining 18.8% fell in between the two size, as shown in Figure 3-4, and the pH value of particles 

was recorded between 3 and 6. The aerospace grade Nomex honeycomb with the density of 29 

kg/m3 was supplied by Easy Composite Ltd. The Nomex honeycomb had the thickness of 2 mm 

and cell size of 3.2 mm.  

 

Component A. Epoxy resin (Ultimeg 2020)

 

Diglycidyl ether of bisphenol A, DGEBA (CAS No. 25068-38-6) 

 

Alkyl glycidyl ether (CAS number: 68609-97-2) 
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Component B. Ultimeg 2020 hardener 

 

3,6,9,12-tetra-azatetradecamethylenediamine (CAS number: 4067-16-7) 

 

Isophorone diamine (CAS number: 2855-13-2) 

Figure 3-1 Chemical structure of epoxy compounds and amines [195]. 

 

 

Figure 3-2 SEM micrographs of (a) untreated EFB fiber, (b) untreated EFB fiber after drying in 

the oven, which were purchased from Szetech Engineering Sdn. Bhd. and (c) EFB fiber provided 

from PolyComposie Sdn Bhd. 

 

 

Figure 3-3 The chemical structure of Acrodur DS 3530. 
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Figure 3-4 SEM micrograph depicts the particle size of expandable graphite. 

 

3.2 Fiber mat fabrication 

Randomly-orientated EFB fibers were dispersed in a water-binder suspension of 10:1 (v/v) ratio 

to form a mat in a customized sieve (180mm  320mm) with the mesh size of 1.5mm  2mm. 

Fiber length of 10-20 mm was chosen to avoid fiber entanglement and to encourage even 

distribution of fiber during mat fabrication [196]. The sieve was then taken out where draining of 

water took place. The fiber mat was then flipped upside down onto pieces of dry cloth, and another 

layer of dry cloth was placed on top of the fiber mat to absorb residual water from both sides. The 

bonded mat was shifted to metal plates with blotting papers on top and bottom of the mat. A load 

of 15 kg (equal to 2.6 kPa) was then applied on top of the fiber mat for 10 minutes to press out the 

remaining water and to produce a mat with an even thickness of 1 mm. Fully soaked blotting papers 

were replaced with new ones and pressed with the same weight until the mat was visibly dried. 

The dried fiber mat was subsequently placed within a convection oven maintained at 100°C for 4 

hours with an applied top loading of 4kg while measurements were taken to ensure the fiber mat 
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showed no further weight loss due to moisture evaporation. The dried fiber mat was further kept 

dry within the oven at a lower temperature of 70 °C for 24 hours (The fiber mat showed the weight 

of 20 g with negligible variation as in the most cases the fiber mats indicated the same weight.) 

until resin infusion was to be carried out. The fiber mat was dried under selected temperature to 

ensure that the structure and properties were not damaged by the extreme temperature. Figure 3-5 

shows the mat fabrication process from scratch.  

 

 

Figure 3-5 Mat fabrication process. (a) preparation of the required amount of fiber, (b) fiber 

soaking and dispersion, (c) draining the water, (d) filtered mat was shifted to plates with blotting 

papers, (e) sieve removal, (f) the fiber mat was placed between the metal plates, (g) the required 

load was applied, (h) the mat with an applied weight on top of it was placed in a convection oven, 

(i) removal of fiber mat from oven and (j) an evenly distributed EFB fiber mat.  
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3.3 FRs- based composite fabrications 

3.3.1 Initial set up  

The fabrication process of FR loaded EFB composite is illustrated in Figure 3-6 and Figure 3-7. A 

summary is outlined. In the first stage, a PVC plate was sprayed with a silicone release agent. Then 

gum tape was applied around the perimeter of the mold and the EFB fiber mat was placed onto the 

mold, as shown in Figure 3-7 (b). A layer of peel-ply was positioned on the EFB mat (Figure 3-7 

(c)). This was followed by an infusion mesh that helped the resin to flow and distribute through 

the mold. Subsequently an infusion spiral and resin feed silicone connector was fitted to the 

vacuum system. Then vacuum line silicon connector was positioned and the bagging film was 

stuck to the gum tape. Resin feed hose was connected to the bag and another PVC hose was firmly 

connected to the bag through vacuum line. An infusion line clamp was used to close the resin feed 

line and, as a result, evacuating air from the vacuum system. At the stage where full vacuum was 

achieved, the sealed bag was left for 15 minutes to ensure there is not any leakage.  

 

 

Figure 3-6 Fabrication process using resin infusion technique. 
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Figure 3-7 Composite fabrication process. (a) plastic mould, (b) applying the gum tape and placing 

the EFB fiber mat, (c) laying the infusion mesh and peel ply, (d) laying the aluminum foil, (e) 

sonication process, (f) resin infusion, (g) curing for 24 hours and (h) a near view of composite. 
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3.3.2 Resin infusion 

Prior to resin infusion process, pre-determined quantity of FRs were added into the epoxy resin 

and approximately 15 minutes of ultrasonication was applied using a UP400S Ultrasonicator from 

Hielscher Ultrasonics GmbH (Figure 3-7 (e)) at a frequency of 24 kHz and 50% amplitude until 

homogeneous dispersion was observed. Fabricated palm fiber mat (explained in 3.2 Section) was 

then laid on top of a PVC mold and resin infusion process was to be conducted as follows: After 

vacuuming out the air from the infusion area via a vacuum pump and no leakage was observed, 

hardener was added into the sonicated mixture at a weight ratio of 5:1 (epoxy: hardener). The 

mixture was then infused throughout the fiber mat in the mold at the vacuum pressure level of -1 

bar.  The curing process of EFB reinforced epoxy composite took place under room temperature 

for 24 hours. The final product of FR additive composites is depicted in Figure 3-7 (h). The 

combination of neat epoxy and EFB fiber, as control composite, were also prepared for comparison 

purpose. Also, two of the formulations (treated control and optimum) fabricated with alkali treated 

fibers in order to compare their mechanical properties. The formulations fabricated are shown in 

Table 3-1. The number in front of abbreviations represents the amount of constituents (in 

percentage) by weight in the composites. 
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Table 3-1 Sample designation (The concentration of constituents is shown by wt%). 

composites ATH APP ZB Fiber  Treated 

fiber 

Epoxy  

E100 - - - - - 100 

E82F18 (control) - - - 18 - 82 

Treated control - - - - 18 82 

CATH5 5 - - 18 - 77 

CATH10 10 - - 18 - 72 

CATH15 15 - - 18 - 67 

CAPP5 - 5 - 18 - 77 

CAPP10 - 10 - 18 - 72 

CAPP15 - 15 - 18 - 67 

CATH5APP10 5 10 - 18 - 67 

CATH10APP5 10 5 - 18 - 67 

CZB5 - - 5 18 - 77 

CZB10 - - 10 18 - 72 

CZB15 - - 15 18 - 67 

CATH5ZB10 5 - 10 18 - 67 

CATH10ZB5 10 - 5 18 - 67 

CAPP10ZB5 - 10 5 18 - 67 

CAPP5ZB10 - 5 10 18 - 67 

TATH5APP10 5 10 - - 18 67 

 

3.4 Fiber treatment  

For the composites fabricated by resin infusion technique, two formulations (treated control and 

optimum) were made with treated EFB fiber for the evaluation of changes in mechanical 

properties. The pre-treatment was conducted as follows: Sodium hydroxide (NaOH) solution was 

prepared with a 5 wt% concentration. The required amount of EFB fibers were immersed in 

alkaline aqueous solution (the initial pH of solution, measured by Metrohm-827 pH lab, was 

around 10.7) for period of 24 h at ambient temperature, and subsequently were thoroughly washed 

with distilled water until the complete elimination of traces of NaOH (until the pH value dropped 
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to approximately 7 in pH meter). Fibers were then dried for 24 h in an oven maintained at 70 °C. 

The process of fiber alkali treatment is shown in Figure 3-8. 

 

Figure 3-8 The process of EFB fiber chemical treatment. 

 

3.5 Preparation of EG filled EFB epoxy composites and formulations with EG coating 

The EFB fibers and EG platelets were oven dried for 24 hours at 70 °C and 100°C, respectively, 

prior to the composite fabrication. EG-filled EFB epoxy composites were produced by mixing 

measured quantity of EG and subsequently EFB fibers into epoxy resin at ambient temperature. 

The mixture of EG and epoxy were mixed with the aid of a mechanical stirrer with a constant 

revolution of 1000 rpm for 30 minutes, followed by ultra-sonication with amplitude of 50% and 

the frequency of 24 kHz for the period of 15 minutes to achieve a homogenous dispersion in the 

epoxy matrix. EFB fibers of 20 wt% with the length of 1-3 mm were added into the mixture to 

soak for 5 minutes while the mixture was shaking in a shaker incubator with the speed of 150 rpm 

at ambient temperature. Hardener was then added at appropriate ratio and mixed for 2 minutes. 

The process of transferring the mixture had to be gentle to prevent air being induced into the 
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composites. The mix spread across the mold manually and left for 30 min in order to achieve 

partial cured state. Afterwards, a top plate was gently placed to close the mold. All these steps 

were applied to eliminate void formation. The mixture was degassed for 15 minutes in a catch pot 

connected to a vacuum pump prior to compression molding. The mixtures were poured into a 

matching mold with the thickness of 2 mm. Composites were cured for 24 hours under the 

compression loading of 17 kPa (on the projected area of 200mm × 120mm) at ambient temperature. 

It is worth noting that the weight of mixture of composite was calculated according to density of 

constituents used. Slightly higher amount of the volume of mold was considered for the mixture. 

The densities used for epoxy polymer, EG and EFB fiber were 1.11 (as per manufacturer 

specifications) , 2.2 [197] and 1.07 g/cm3 (measured by the author), respectively. The formulations 

prepared with their respective wt% from compression molding technique were stated in Table 3-2. 

 

Table 3-2 Sample designation (values represent wt %).  

Formulations Epoxy  EFB fibers Treated EFB fiber  EG  

E100 100 0 - 0 

Control ( C ) 80 20 - 0 

CEG3 77 20 - 3 

CEG5 75 20 - 5 

CEG7 73 20 - 7 

EG5 75 - 20 5 

*Coating3 97 - - 3 

*Coating5 95 - - 5 

*Both sides of the control were coated with the mixture (epoxy and EG). 

Moreover, two formulations with EG coating were fabricated to evaluate their performances in the 

Bunsen burner test. Expandable graphite at 3 wt% and 5 wt% were added into the epoxy resin and 

the mixture was first dispersed manually and then mixed with the aid of ultra-sonication for 15 
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mins with similar frequency and amplitude used for the composite fabrication. The stoichiometric 

ratio of hardener was incorporated to the mixture and stirred for 2 mins prior to degassing for 10 

minutes. Subsequently, the mixture of epoxy/EG was applied by brushing on the surface of 20 

wt% EFB fiber reinforced composite in two steps. Initially, a layer of coating was applied on the 

surface of the composite and allowed to cure for 24 h. Then, the second layer of coating was 

brushed to provide a suitable surface finish and to obtain an approximately 0.5 mm coating on 

each surface of composite. The thickness was measured using a digital vernier caliper.  

In order to investigate the effect of fiber pretreatment on mechanical properties of EFB fiber 

reinforced EG filled composites, one additional formulation (EG5) was produced using the alkali 

treated fibers. The fibers were soaked in an aqueous NaOH solution with the concentration of 5 

wt% for 24 h at room temperature and then rinsed with the distilled water until they reverted to the 

neutral pH value. Figure 3-9 shows several pictures of composites fabricated 
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Figure 3-9 (a) control and EG filled composites and (b) EG coating composites. 

3.6 Characterization  

3.6.1 Vertical Bunsen burner test 

The vertical Bunsen burner test was carried out in accordance with Federal Aviation Regulation 

(FAR) part 25.853-b (equivalent to ASTM F 501, Daimler-Benz Aerospace ATS 1000.001, 

Douglas DMS 1511, Boeing BSS 7230 F2, British Aerospace BACM 1555A and Airbus ATS 

1000.001) [34] to determine flammability characteristic of the materials. Three specimens 

measuring 152.5 mm  37.5 mm  2 mm, equivalent to half of the standard FAR specified 

dimension, were tested.  The specimens were held vertically via a lab stand and flamed for 12 

seconds using methane fuel supplied by Bunsen burner placed directly under the specimen. The 

total flame time, mass loss percentage, burn length and drip flame time were measured to analyze 

the flammability properties. For formulations which met the vertical Bunsen burner test 
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requirements, a series of full size specimens (305 mm  75 mm) was used and tested. The same 

results in terms of total flame time, drip flame time and burned length were obtained.  

For honeycomb specimens and panel specimens, a series of full size specimens (305 mm  75 mm) 

in accordance with FAR-25.853 (b) was used and tested. Three of the optimum formulations that 

could meet the FAR-25.853 (b) specifications, were tested against FAR-25.853 (a) (equivalent to 

ASTM F 501, Daimler-Benz Aerospace ATS 1000.001, Douglas DMS 1510, Boeing BSS 7230 

F1, British Aerospace BACM 1551A and Airbus ATS 1000.001), [34] which is the vertical Bunsen 

burner experiment with the ignition time of 60 s. 

It is worth mentioning that to evaluate the potential of composite materials to be used for aircraft 

interiors, all the requirements of FAA, aircraft agencies and aerospace manufacturers must be met. 

On top of vertical Bunsen burner test, two more tests are required to investigate the possibility of 

composite materials for use in aerospace cabin parts. Ohio State University calorimeter and NBS 

smoke chamber tests are crucial to measure the heat release and the specific optical density, 

respectively. However, these two instruments could not be outsourced in Malaysia and several 

countries in the current work. To compensate for Ohio State University calorimeter, bomb 

calorimeter test was carried out to measure the gross heat of combustion. However, no equivalent 

formula is available to convert the gross heat of combustion value to an equivalent of heat release 

value from Ohio State University calorimeter test. It is necessary to collaborate with aircraft 

manufacturers in order to analyze all the requirements of each particular manufacturer and also it 

helps increase the chance of access to those above-mentioned instruments. 
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3.6.2 Bomb calorimeter  

Bomb calorimeter was used to validate the heat capacity of compounds prompted by control 

composite, FRs additive and EG filled formulations. Gross heat of combustion was measured by 

PARR 6100 bomb calorimeter according to ASTM D-240 standard [198]. 2 L of water was 

contained in the metal bucket where the specimen was placed and gradually bomb charged with 

O2 to 30 atm (3 MPa) at ambient temperature.  Sample weight of 0.8 to 1g was placed in a 

cylindrical crucible and the specimen was linked to the fused wire for combustion to occur. At 

least two samples for each formulation were tested and the average measurements were computed. 

Figure 3-10 depicts the picture of equipment used to evaluate the ignitibility performance of 

composites.  

 

Figure 3-10. Bomb Calorimeter equipment. 

3.6.3 Thermogravimetric analysis  

The thermal stability was evaluated with the aid of a TGA 1 STARe system (Mettler Toledo) Q500 

instrument. Specimen of approximately 10-15mg in weight was placed in an open alumina pan 

under nitrogen flow rate of 50 ml/min and heated from ambient (30˚C) to 600˚C at a heating rate 

of 20˚C/min. The char residual and thermal degradation temperature (Td) were calculated.  
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The thermal degradation EG filled composites and formulations fabricated by compression 

molding was studied in an alumina pan with a lid, which has a hole on top, due to expansion of 

EG, under similar flow rate and heating rate. The EG filled formulations were heated in N2 

environment from 30 to 700 ˚C.   

 

 

Figure 3-11. TGA testing instrument. 

3.6.4 Dynamic thermal mechanical analysis  

Dynamic thermal mechanical measurements were conducted on a PerklinElmer DMA 8000 

instrument. The frequency was set to 1 Hz and the temperature increased from 30 ˚C to 100 ˚C at 

a ramping rate of 3 ˚C/min. The single cantilever mode was used for the sample dimension of 25 

mm × 7 mm × 2 mm. This mode of test was used as proposed by Perklin Elmer as the best choice 

and since it is the ideal mode for the sample geometry with the thickness of 2 mm. The DMA 

equipment is shown in Figure 3-12. The test was conducted to measure the storage modulus (Eʹ) 

and loss factor (Tan δ) of epoxy, control and EG loaded formulations. 
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Figure 3-12 DMA instrument. 

3.6.5 Fourier Transformed Infrared spectroscopy (FTIR) analysis 

FTIR was conducted to analyze changes in chemical compositions of fibers after treatments. About 

3 mg of EFB fibers was crushed using a centrifugal ball mill and mixed with potassium bromide 

(KBr) and then compressed into a disk of Perkin-Elmer FTIR spectrophotometer. IR spectrum was 

recorded by co-adding 5 scans at the resolution of 3 cm-1 in the frequency range of 4000-400 cm-

1. From the results obtained, the effectiveness of chemical treatment was determined by analysis 

of the peak absorbance. The steps to prepare the material and the last stage, which is placing the 

mixture inside the instrument, are shown in Figure 3-13. 
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Figure 3-13 Preparation procedure of FTIR test. 

3.6.6 Tensile testing 

Rectangular specimens of 120  20  2 mm3 ( that were cut using a band saw machine) were tested 

with the aid of a Llyod Instruments LR50k testing machine in accordance to ASTM D3039 [199] 

at a crosshead speed of 2 mm/min and the load-cell of 5kN was used. Five specimens of each 

formulation were tested using a gauge length of 60 mm and the mean value was recorded. Figure 

3-14 depicts several fractured tensile specimens right after experiment. 
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Figure 3-14 Fractured tensile samples right after tensile testing. 

3.6.7 Flexural testing  

Rectangular specimens of 100  20  2 mm3 were tested using a Llyod Instruments LR50k testing 

machine in a three point bending mode with a span length of 60 mm in accordance to ASTM D790 

[200], as shown in Figure 3-15. Crosshead speed of 5 mm/min and load-cell of 5kN were used.  

Five specimens of each formulation were tested and the mean values were used to analyze the 

flexural strength and strain of the various formulations.  

The flexural properties of Nomex honeycomb sandwiched panels were evaluated by 3 point 

bending tests in accordance with ASTM C393 [201] where the speed for crosshead was 6 mm/min 

and the specimen size was 200 mm  75 mm  6 mm. The support span was set to 150 mm. More 

information regarding the detailed test and fabrication of honeycomb panels with the composite 

skins is described in Chapter 6. 
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Figure 3-15 A composite sample fractured under a three point bending load. 

3.6.8 Compression test 

Flat-wise stabilized compressive tests was conducted in accordance with ASTM C365M standard 

[202] to evaluate the out-of-plane crushing performances of Nomex honeycomb sandwich panel. 

The Llyod Instruments LR50k testing machine was used to conduct the tests on specimens 

measuring 50 mm × 50 mm (length × width). The thickness of Nomex honeycomb and sandwich 

panel was 2 mm and 6 mm, respectively. The moveable head installed on top moves downward to 

apply the load to the specimen through the loading plate. A spherical seat was fixed to the 

stationary head to remove probable eccentric load. The specimens were compressed with the cross 

head speed of 0.5 mm/min. The five specimens of each sandwich panel were tested and values of 

compressive properties were recorded.  

3.6.9 Plate shear test 

Transvers shear experiments were carried out according to ASTM C273 [203] with the aid of 

Llyod Instruments LR50k testing machine. The specimen size of 150 mm (length) × 50 mm 

(width) was used and the tensile loading rate of 0.5 mm/min was applied to the samples. The tests 
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were conducted in L (ribbon direction) and W (transverse to the ribbon) directions, and four 

specimens were tested for each direction. Plate shear properties of honeycomb core in L and W 

directions were recorded when a shear force is applied parallel to the L-W plane.  

3.6.10 Field emission scanning electron microscopy (FESEM)  

SEM was carried out on FEI Quanta 400F FESEM microscope at the increasing voltage of 20kV. 

The SEM micrograph of the untreated fibers, treated fibers and composites’ fractured surfaces was 

scanned to observe the deposits removal from fibers after treatment as well as adhesion, dispersion 

and load transfer between the fiber, FRs, EG particles and epoxy matrix.  

3.6.11 Energy dispersive spectroscopy (EDX) 

Energy dispersive spectroscopy study was performed using the same FESEM instrument. The 

elemental composition of residual char attained after the Bunsen burner and TGA tests were 

observed and analyzed. The EDX tests were conducted for the CAPP10ATH5 (optimum FR based 

composite), EG particles and EG filled composites. 

EDX evaluations were also carried out to determine amount of the elements in EFB fibers. The 

weight percentage of carbon and oxygen in fibers prior to and after chemical treatments were 

evaluated. 

3.6.12 Furnace test 

In order to investigate the expansion temperature, char structure and char expansion of expandable 

graphite, EG flakes were placed in a Carbolite furnace (CWF 12/65/550 model, as shown in Figure 

3-16) preheated at different temperatures of 100 °C, 150 °C, 200 °C and 300 °C. The EG particles 

were maintained for the duration of 10 s and then withdrawn. 
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Figure 3-16 The furnace used for the tests. 

3.6.13 Coupled confocal Raman and AFM (atomic force microscopy) Microscopy  

Microstructure of expandable and expanded graphite was investigated by Confocal Raman 

spectroscopy on a WITec Confocal Raman Microscope coupled with an AFM (Model 

alpha300RA) at ambient temperature. The instrument had excitation wavelength of 532 nm and 

the laser power was delivered to 18 mW. The specimens were placed on a 3 axis piezoelectric-

controlled stage. High spatial resolution of microscopy is due to the piezoelectric scanning table 

that allows 3-D displacements in 3 nm steps. High resolution micrographs of Raman profile 

mapping were conducted to study the differences between expandable and expanded graphite and 

to understand how the structure of expandable graphite changes after combustion in order to 

protect the underlying layers of substrate.  
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Chapter 4 

4. Thermal and mechanical properties of flame retardant filled EFB reinforced epoxy 

composite 

4.1 Introduction 

In the event of fire, an intumescent ammonium polyphosphate (APP) agitated by the heat source 

eliminate ammonia (NH3) and water while forming ultraphosphate (PO4) which could act as a 

protective layer against fire propagation. Alumina trihydrate (ATH) on the other hand undergoes 

endothermic dehydration upon fire, releasing water vapor which function as diluent for the 

combustible gases with concurrent formation of a thermally stable ceramic alumina (Al2O3) that 

serve as an insulating layer against heat and mass transfer [204, 205]. For zinc borate (ZB) based 

fillers, they promote charring and cross-linking of materials [206-210]. Furthermore, when ZB is 

used with other fillers as synergistic particles, they encourage the generation of low melting glass, 

leading to the formation of an inorganic char barrier [211-213]. In the endothermal reactions, they 

also dilute the combustible gases and discharge bound water. It was reported that boron acts as an 

inhibitor of carbon ignition and ZB acts as a smoke suppressant [214].  

Introduction of NF into neat polymers (epoxy and biopolymers) reduced the heat release and 

enhanced flame retardant performances relative to those of the pure matrices [9, 140, 215], and 

incorporation of small loading level of FR could further reduce the flammability of biocomposite 

at the cost of a slight drop in mechanical properties. E.g. the addition of 30 wt% kenaf fibre into 

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV biopolymer) decreased the pHRR from 

1713 to 809 kW/m2, CO yield decrease from 0.04 to 0.02 (kg/kg),fire growth rate index decreased 

from 61.3 to 32.3 kW/m2s and residue increased from 0.2 to 0.8 wt% [140]. Kenaf fibres formed 
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an insulating layer that protected the bulk of substrate during combustion by inhibiting the 

penetration of flammable gases and heat. Kenaf fibre acted as a carbonized agent, promoting a 

network of cavities and holes impacting the combustion process and the release of volatile gases. 

Few reports (flax fibre/nylon polyamide PA6 and Polybutylene Terephthalate (PBT)/actilox and 

exolite FR [137], sisal fibre/PP/APP and ZB [216]) have been published on the simultaneous 

enhancement of flammability, thermal stability and mechanical properties of NF based composites 

using FRs and no previous studies were conducted to investigate the effect of FRs on the fire 

resistivity of the palm empty fruit bunch (EFB) fiber reinforced epoxy based composite.  This 

work aimed to study the combined effects of APP/ATH/EFB fiber, APP/ZB/EFB fiber as well as 

ZB/ATH/EFB fiber on flame resistivity and thermal performance of the resulting epoxy based 

composite by means of a series of characterizations to obtain the optimized compositions of the 

constituent loadings.  

Alkali chemical treatment was conducted on the EFB fibers. This method is the most extensively 

used treatment owing to its effectiveness, low cost and convenience of use [217, 218]. The 

morphological, structural, thermal, moisture properties and chemical compositions were studied 

through SEM, EDX, FTIR and TGA. The alkali treatment leads to increased percentage of 

cellulose content and thermal characteristics as well as reduced moisture content relative to those 

of untreated fibers. The effects of the addition of IFRs (one of the optimum formulations of FRs) 

and chemical fiber treatment on the mechanical properties of EFB fiber epoxy composite were 

investigated. The composites were analyzed using tensile and flexural testing. Detailed 

morphological investigation was conducted to study the dispersion of FR particles and the bonding 

between fiber and epoxy matrix within the composites. 
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4.2 Flammability and thermal properties of the FR filled EFB epoxy composites 

4.2.1 Flammability of FR filled EFB epoxy composite 

The control composite (E82F18), refer to Table 3-1, was fabricated to provide proper comparisons 

with the ATH/APP loaded formulations. The results of vertical Bunsen burner 12 s test recorded 

in terms of drip flame time, total flame time and mass loss (wt%) are shown in Figure 4-1.  

Incorporation of ATH into EFB fiber reinforced epoxy composite did not reduce the burning 

resistivity, as compared to that of the control (E82F18), in terms of drip flame time and total flame 

time. All of the ATH-filled composites burned intensely and brightly with severe dripping. Adding 

more ATH fillers reduced the total flame time, with increasing of drip flame time. ATH does not 

promote cross-linking on combustion and also ATH particles induce low mechanical properties 

(due to poor bonding between matrix and ATH), both of which are the factors that created easier 

and more dripping. Specimens burned off completely and no burn length was recorded (100 % 

total mass loss). With increasing loading of APP, the total flame time slightly reduced. The lower 

total flame time and no dripping phenomenon were detected for all APP filled composites relative 

to those of formulations containing ATH. This is probably due to the degradation of APP that leads 

to the formation of a strong char barrier which limits heat and mass transfer, with release of 

ammonia and water which dilutes the gaseous phase. Suardana and Lim [21] found that 

degradation of APP generates phosphoric acid which could interacts with the hydroxyl group of 

natural fiber to form phosphorous esters. This ester acts as catalyzes for dehydration of fibers, 

leading to the formation of a carbonaceous structure with reduction of vapor phase composition 

and released energy. CAPP10 showed 5% lesser mass loss than that of CAPP5 and displayed 12% 

reduction in the mass loss compared to that of CAPP15. Similar optimum concentration of APP 

particle in the range of 3-20 wt% was achieved at 10~12 wt% by Castrovinci et. al  [219]. The 
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flame resistivity of APP at higher loading (10 wt.%) tends to be lower, implying that APP can 

affect either positively or negatively depending on the optimum loading. All composites loaded 

singly with APP burned off with full burn length. 

APP is much more effective than ATH in flame resisting composites. It was observed that [219] 

inclusion of 60 wt% ATH was required to achieve similar flame resistivity effect attained with 10-

12 wt% APP. However, composites with higher concentration of ATH were prone to significant 

drop in mechanical properties. 

Exceptionally, when 10 wt% APP and 5 wt% ATH were introduced into the EFB reinforced epoxy 

composite, a synergistic effect took place that created self-extinguishing properties upon the 

removal of Bunsen burner. 0 s drip flame time, slight total mass loss and burn length of less than 

10 mm were obtained for this composite. However, formulation with 10 wt% ATH and 5 wt% 

APP could not establish self-extinguishing behavior and total mass loss was approximately 50 

wt% but zero drip flame was still maintained. The synergistic effect of the combined APP and 

ATH is discussed in the following discussion.  
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Figure 4-1 The results of vertical Bunsen burner testing for the control specimen and the composite 

specimens filled with FR. 

 

Thermal reactions of ammonium polyphosphate/aluminum trihydrate mixture: 

The chemical structures of APP and ATH are shown in Figure 4-2 and the following equations 

(Figure 4-3 and Figure 4-4) [219] depict the chemical reactions occurring during the thermal 

degradation between APP and ATH. The interactions show the flammability performance of the 

APP/ATH mixture acting as a FR system. The chemical reactions took place over a varying range 

of temperatures. 
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Figure 4-2 The chemical structures of APP (a) and ATH (b) [219]. 

 

The chemical reaction first occurred between APP (NH4PO3) and hydroxyl groups (−OH) of ATH 

at a temperature lower than 400°C (Figure 4-3). This resulted in the formation of aluminum 

phosphate with generation of water and ammonia (NH3) out of ammonium salt (NH4). These 

reactions kept repeating until aluminum metaphosphate ((Al(PO3)3)n) was formed.  

 

 

Figure 4-3 Reactions between ATH and APP [219]. 

 

At higher temperature, further reactions took place forming aluminum orthophosphate (AlPO4) 

from the long chain polyphosphate as well as releasing ammonia and water (Figure 4-4). 
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Figure 4-4. Reactions between ATH and APP at elevated temperatures [219]. 

 

The combined effect of APP/ATH contributed to an improved fire extinguishing behavior due to 

a number of factors. Firstly, the generation of aluminum phosphate prevents the evaporation of 

phosphorous volatility. Secondly, the basicity of ATH that furnish protons exchange and an easier 

evolution of water and ammonia gas. Thirdly, the crystalline form of Al- P-O alters the glassy 

ultraphosphate structure by which gases can readily escape the solid surface [219]. 

Flammability of composites: 

Figure 4-5 and Figure 4-6 show the structure of specimens containing APP and APP/ATH upon 

completion of the flammability tests. The samples with ATH-based additive burned more 

vigorously than the specimens loaded with APP and no mass residue was left in the clamp of lab 

stand. All the burned parts of ATH loaded samples fell down on the tray placed under the samples 

and ATH filled specimens could not retain the structure. This is owing to the greater flame 

resistivity of APP than that of ATH as this filler could not adequately confine the pyrolysis process 

and volatile gases liberation during the fire, expediting the combustion progression and 

increasingly deteriorating the structure. 
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As seen in Figure 4-5, the bulk structure was maintained in APP filled specimens. The hybrid of 

ATH and APP exhibited its synergistic effect where inclusion of 5% APP and 10% ATH (in 

CATH10APP5 formulation) prevented the drip of flame. When the replacement was changed to 

the optimum value of 10% APP and 5% ATH (in CATH5APP10 formulation), self-extinguishing 

properties were observed (Figure 4-6). This specimen burned for  1s upon removal of Bunsen 

burner after 12 s of continuous exposure to direct flame and created zero drip flame and a burn 

length of less than 1 cm and mass loss of less than 3%.   

It would be noteworthy to add that pieces of control sample broke off on the burning edge of 

specimen and subsequently dropped while this phenomenon did not occur for all the specimens 

containing ATH and APP. This shows the effectiveness of APP and the hybrid of APP/ATH on 

the NF-reinforced epoxy composites. 

It requires to highlight that, for the control formulation, the structure of specimens deteriorated 

vigorously with the liberation of volatile gases upon fire whereas increasing addition of APP and 

ATH was visually observed to reduce the amount of gases emitted from burning part of specimens. 

The smoke was largely lesser with the presence of APP/ATH hybrid, particularly for 

CATH5APP10 due the synergistic effect of APP and ATH at this ratio.  
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Figure 4-5. The test samples of (a) CAPP5, (b) CAPP10, (c) CAPP15, (d) CATH5APP10 and (e) 

CATH10APP5 composites after vertical Bunsen burner experiment. 

 

 

 

Figure 4-6 The intumescent char of CATH5APP10 after vertical Bunsen burner test. 

 

Figure 4-7, Figure 4-8 and Figure 4-9 present the results of the inclusion of ZB, hybrid of ATH/ZB 

and hybrid of APP/ZB attained from the vertical Bunsen burner 12 s testing experiment. The 

composites containing ZB particles, ATH/ZB hybrid formulations and CAPP5ZB10 showed a 

reduction in the mass loss by approximately 31-35 % compared to the control and decreased the 
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drip flame time to 0 s in comparison to that of the control. ZB additive significantly affected the 

drip flame time as its incorporation at each level of loading led to a zero dripping. 15% ZB-loaded 

formulation was found to perform the best in terms of reduced total flame time in comparison with 

ZB filled composites, CAPP5ZB10 and formulations with ATH/ZB hybrid, and this formulation 

along with CZB5ATH10, CZB10ATH5 and CAPP5ZB10 composites created the lowest mass loss 

with regards to the composites loaded singly with ZB particles, ascribed to higher incorporated 

FR. CZB15 showed slightly lower mass loss relative to CZB5ATH10, CZB10ATH5 and 

CAPP5ZB10. The more incessant reduction in the total flame time and mass loss percentage of 

ZB containing composites exhibited the effectiveness of this intumescent flame retardant (IFR) 

upon its incremental incorporation. ZB particles, after its thermal degradation, perform both 

releasing water in gas and condensed states which dilutes the combustible gases and forming a 

vitreous protective film (B2O3) in the burning zone.  

Exceptionally, the addition of APP and ZB particles at 10 wt% and 5 wt%, respectively, was found 

to create a synergistic effect and self-extinguished the flame with 0 s flame time, 0 s drip flame 

time and the burn length less than 1 cm after withdrawing the Bunsen burner (Figure 4-9). As 

observed from CATH5APP10 composite and current result, to produce the highest efficiency in 

self-extinguishing the fire, the synergism between FR particles can contribute significantly. 
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Figure 4-7. Bunsen burner results of formulations containing ZB, hybrid of ZB/ATH and hybrid 

of APP/ZB. 

 

Thermal reactions of ammonium polyphosphate/zinc borate mixture [220]: 

APP and ZB particles do not react at the temperature of 260 °C. APP initiates to decompose at this 

temperature as shown in equations (5) and (6) whereas ZB does not undergo the thermal 

decomposition. Firstly, ammonium polyphosphate (APP) particles yield evolving ammonia and 

polyphosphoric acid at approximately 250 °C (equations (5)). 

(5)      [𝑁𝐻4𝑃𝑂3]𝑛 → 𝑛𝑁𝐻3 + [𝐻𝑃𝑂3]𝑛 

Secondly, by increasing the temperature, in the 360~420°C range, an intumescence process takes 

place when the char and ammonia are formed and the water is released due to the reactions of the 

carbonaceous compound with the polyphosphoric acid (equations (6)).  

(6)      𝑐𝑎𝑟𝑏𝑜𝑛 𝑠𝑜𝑢𝑟𝑐𝑒 +  [𝐻𝑃𝑂3]𝑛

→ 𝐶 (𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑐𝑒𝑜𝑢𝑠 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 𝑜𝑟 𝑐ℎ𝑎𝑟) + [𝐻3𝑃𝑂4] 
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From the temperature of 290 °C, the decomposition of ZB begins and an amorphous product was 

formed, as displayed in equations (7). 

(7)    2𝑍𝑛𝑂, 3𝐵2𝑂3, 3𝐻2𝑂 →  2𝑍𝑛𝑂, 3𝐵2𝑂3 +  3𝐻2𝑂  

Between 300 and 415 °C, a reaction between the decomposed products of APP and ZB starts which 

produces BPO4 species. BPO4 compound can be generated in two plausible ways, as described in 

equations (8) and (9), suggested by Samyn et al.  [220]. 

(8)      2𝑍𝑛𝑂, 3𝐵2𝑂3  +  10[𝐻𝑃𝑂3]𝑛 → 2𝑍𝑛𝑂 + (𝑛 − 6)/4𝑃4𝑂10 + 𝑛/2𝐻2𝑂 + 6BP𝑂4 

(9)   2𝑍𝑛𝑂, 3𝐵2𝑂3 + 10  𝐻3𝑃𝑂4   →  2𝑍𝑛𝑂 + 𝑃4𝑂10 + 15𝐻2𝑂 + 6BP𝑂4 

At around 580 °C, the zinc orthophosphate (Zn3(PO4)2 compound) was formed due to the reaction 

between P4O10 and zinc oxide ( these two compounds were produced in the previous process), as 

displayed in equation (10) . 

(10)   0.5𝑃4𝑂10 +  3𝑍𝑛𝑂 →  𝑍𝑛3(P𝑂4)2 

The Zn3(PO4)2 compound melting at approximately 1050 °C yields P2O4 and zinc oxide. 

(11)   𝑍𝑛3(P𝑂4)2  →  𝑃2𝑂5 + 3𝑍𝑛𝑂  

Then, the formation of the zinc pyrophosphate occurs owing to the reactions between P2O4 and 

ZnO (equation (12)). 

(12) 3 𝑃2𝑂5 + 2𝑍𝑛𝑂 → 𝑍𝑛2𝑃2𝑂7 

Also, the borophosphate and the zinc orthophosphate can react to yield the B2O3 compound and 

zinc pyrophosphate as indicated in equation 13. 

(13) 2𝐵𝑃𝑂4 + 2𝑍𝑛3(P𝑂4)2 → 𝐵2𝑂3 +  3𝑍𝑛2𝑃2𝑂7 
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The creation of zinc phosphate and borophosphate (BPO4) contributes to stabilize phosphorous 

species and provides this synergy between APP and ZB. 

The burnt residue of ZB incorporated samples is shown in Figure 4-8 and Figure 4-9. When ZB 

particles were introduced into formulations, the tendency to sustain the original structure was 

induced at each level of loading concentration. The composites containing ZB swelled along the 

length and width, and twisted marginally in the direction of its vertical axis. Also, it was observed 

that the smoke produced from formulations containing 15 wt% FRs was visibly lesser than other 

composites. 

 

 

Figure 4-8 Images of burnt FR-based composites after veritcal Bunsen burner tests. (a) CZB5, 

(b) CZB10, (c) CZB15, (d) CATH10ZB5 and (e) CATH5ZB10. 
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Figure 4-9 The intumescent char of CAPP10ZB5 after vertical Bunsen burner test. 

 

In summary, it was observed that APP and ZB individually are capable of enhancing the flame 

resistant properties including drip flame time, total flame time and mass loss more than ATH filled 

composites. The synergistic effect of APP at 10 wt% with either ATH or ZB at 5wt% was observed 

to produce the greatest flame retardancy compared to other formulations coupled with two types 

of FRs as well as composites flame retarded singly. Both CATH5APP10 and CAPP10ZB5 show 

no total flame time and no drip flame time, and their burn length was very similar (around 3 mm). 

 

4.2.2 Heat release properties of FR filled EFB epoxy composites 

The bomb calorimetry testing was used to investigate the heat of combustion of the reaction 

between the sample and oxygen measured based on the changes in temperature of the water. The 

gross heat (GH) of combustion evaluated by the bomb calorimetry exhibits the combustibility of 

samples.  
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Table 4-1 presents the GH of E100, control and composites containing ATH, APP and hybrids of 

APP/ATH. Pure epoxy burned wildly when subjected to combustion, with GH of 35.36 (MJ/kg). 

When EFB fiber was introduced into pure epoxy, a large drop in the GH,  11.02% was observed, 

which is in agreement with those reported in literature [13]. This can be attributed to lesser gross 

heat of combustion of EFB fibre than that of the neat epoxy.  

Walters et al. (40) tested two grades of epoxy, the novolac (CAS number: 028064-14-4) and the 

bisphenol-A epoxy (CAS number: 001675-54-3), and GH values of 31.37 MJ/kg and 32.50 MJ/kg 

were attained, respectively. The gross heat of combustion per unit of mass can be calculated by 

the ratio of the molar heat of combustion (∆Hc, kJ/mol) of the sample over the molecular weight 

(Mp, g/mol) of polymeric sample. The decreased GH with the addition of natural fibre is ascribed 

to the reduction of ∆Hc/ Mp ratio. It is worth mentioning that the molar heat of combustion is 

obtained by subtraction of the molar heat of formation of polymeric sample (∆Hf of sample) from 

the molar heats of formation of the products (∆Hf of water and CO2). It was reported that GH of 

palm EFB fibre, palm oil mesocarp fibre and palm shell is 17.46, 18.09 and 19.58 MJ/kg, 

respectively [221]. GH of empty fruit bunch from date palm tree was recorded approximately 19 

MJ/kg [222]. GH of 11 different branches of tropical trees were investigated in another study and 

highlighted that the values are in in the range from 18.7 to 21.3 MJ/kg [223]. The GH of these 

natural resources show considerably lesser values than that of epoxy resins. 

The incorporation of ATH or APP into epoxy/EFB fiber led to a reduction in GH. APP 

demonstrated 3.83% decrease in combustion performance of EFB fiber reinforced epoxy 

composite at low loading (5 wt%). Upon the addition of 10% APP, the GH reduced by 6.91% 
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relative to that of the control, which is due to lesser heat of combustion of APP particles. APP 

generates water and ammonia which mitigates the gaseous state. 

The flame resistant effect for the composites containing APP reached optimum when 10 wt% APP 

was added. The same trend of heat release was recorded [219] when 3 to 20 wt% of APP was 

incorporated into polymeric formulations, the greatest flame resistivity was observed in 

formulations containing 10-12 wt% APP. This signifies the dual flame retardancy impact of APP 

on polymeric composite that can be either enhancing or dropping depending on the amount of 

APP, which requires further investigation. 

The incremental introduction of ATH could further slowdown the heat release of combustion. This 

FR decomposes during combustion, generating water in the vapor state through pyrolysis and 

alumina (Al2O3). The water leads to an endothermic process, which removes the heat from the 

underlying layers. The Al2O3 layer also acts as a shielding barrier against the transfer of heat and 

mass.    

The hybrid of APP and ATH tested (CATH5APP10 and CATH10APP5) recorded the lowest GH as 

compared to that of E100, control, APP filled and ATH filled composites, with 13.9% drop relative 

to that of the control, implying the synergetic effect as evaluated in this work, in agreement with 

results from Bunsen burner analysis. The hybrid of APP and ATH resulted in a thermally stable 

surface shielding with aluminum orthophosphate (Al-P-O4) crystalline compounds rather than the 

ultraphosphate, and more complete elimination of ammonia and water which enhance the thermal 

surface shielding of composites.   
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Table 4-1 The gross heat of combustion of E100, control and composite samples filled with FR 

from bomb calorimeter experiment.  

Formulations 
Gross Heat 

(MJ/kg) 

Decrement of GH from the control 

composite (%) 

E100 35.36 11.02 

Control 31.85 0.00 

CATH5 30.55 -4.08 

CATH10 30.00 -5.81 

CATH15 28.56 -10.34 

CAPP5 30.63 -3.83 

CAPP10 29.65 -6.91 

CAPP15 31.50 -1.09 

CATH5 APP10 27.41 -13.95 

CATH10 APP5 27.40 -13.96 

 

Table 4-2 presents the GH values of the ZB, ATH/ZB and ZB/APP hybrid samples and their 

decrements from the control. Based on the results obtained, greater improvements in fire resistance 

are correlated to a higher amount of flame retardant additive due to the liberation of non-

combustible products of FRs. This phenomenon occurs owing to a heat absorption mechanism and 

also the production of a charred protective layer on the flammable surface. The barrier layer 

inhibits the heat or mass transmission between the condensed state and combustion zone [224, 

225]. The progressive decline in GH was observed when the ZB additive concentration increased 

from 0% to 15%. Composite with 15% ZB loading was found to drop the GH by about 11.72 % 

compared to the control, presenting the least GH performance compared to the formulations flame 

retarded singly with ZB and composites loaded with the hybrids of ATH/ZB. In general, all the 

composite systems with 15% FR loading and formulation containing 10% ZB could lower the GH 

by minimum 10% relative to the control.  

The hybrids of APP and ZB was observed to create the lowest values of GH, in comparison to 

other formulations, with 13.43% and 14.59% reduction relative to the control sample. The synergy 

that creates between APP and ZB is the reason of this enhancement in the decrease of GH, which 
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is in accordance with vertical Bunsen burner results. Other formulations containing 15 wt% ZB, 

15 wt% APP, 15 wt% ATH and 15 wt% hybrids of ZB/ATH were not observed to provide lower 

values of GH than that of APP/ZB hybrid counterparts. 

 

Table 4-2 Gross heat of formulations. 

Sample Gross heat (MJ/kg) Decrement of GH from the control (%) 

Control 31.85 0 

CZB5 31.04 -2.55 

CZB10 28.63 -10.12 

CZB15 28.12 -11.72 

CZB5ATH10 28.31 -11.13 

CZB10ATH5 28.21 -11.43 

CAPP5ZB10 27.57 -13.43 

CAPP10ZB5 27.20 -14.59 

 

Generally, increasing addition of FRs contributed to the reduced gross heat of combustion, 

however, the synergy between constituents can further enhance the heat release reduction of 

composites. The values of GH for CATH5APP10 and CAPP10ZB5 were very close, 27.41 and 

27.20 MJ/kg, respectively. 

  

4.2.3 Thermal properties of FRs filled EFB epoxy composite 

The TGA testing of control, ATH loaded composites, APP loaded formulations and hybrid 

composites was conducted in nitrogen atmosphere as composite pyrolysis upon combustion is 

described by the decomposition of an anaerobe system [226], illustrated in Table 4-3 and Figure 

4-10.  
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The composites containing FR started to break down at approximately 300°C owing to the thermal 

degradation of epoxy resin. The major weight loss started at approximately 315°C and sustained 

for at least another 100 °C. Incorporation of APP was observed to enhance the char residue content, 

where a hybrid of 10 wt% APP and 5 wt% ATH resulted in the highest recording. This can be 

ascribed to the degradation of APP in the presence of ATH formed aluminum orthophosphate and 

aluminum metaphosphate. However, APP addition to the composites reduced the thermal 

degradation temperature (Td) since APP releases water upon thermal degradation [116, 227] and 

contributed to a premature degradation of epoxy as a result of hot water hydrolysis. Besides, the 

second reason of reduced thermal degradation temperature is owing to the presence of phosphate 

groups, which decomposes earlier to generate thermal char [228, 229]. Similar fashion of lower Td 

was observed when APP was incorporated  into epoxy [230], and PP [231]. The same trend of 

higher post combustion mass residual with increasing APP loading was reported in the work of 

Dorez et al. [4] and Wen et al. [232]. Fiber phosphorylation (as shown in Figure 4-11) and 

degradation at low temperature (250 °C) [233, 234] initiated along with the matrix decomposition. 

APP interacts with both the polymer matrix and natural fiber, and mainly fiber lignin content [235], 

leading to the formation of shielding charred barrier for mass and heat transfer. The existence of 

phosphate groups in the structure of APP relatively lowers the thermal decomposition temperature 

and subsequently forms a protective charred layer which retards the epoxy degradation [228, 229, 

236]. 

With increased loading of ATH, the mass residue and thermal stability improved when heated, 

which can be attributed to its decomposition into water vapor due to endothermic reaction and 

conversion to the thermally stable aluminum oxide (2Al(OH)3)  Al2O3 + 3H2O) that 

demonstrates a very high melting temperature of 2054 °C [226].  
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Synergistic effect was detected when the combined ATH/APP was used, where enhanced mass 

residue was recorded with approximately 87.53% and 57% for CATH5APP10 and CATH10APP5 

relative to that of the control, respectively. The Td, which was computed at 50 wt% mass loss, was 

not affected due to the presence of APP in the mixtures. The same synergetic effect was observed 

in the Bunsen burner and bomb calorimetry analyses.  

 

Table 4-3 TGA results of the control and formulations loaded with APP and ATH.  

Formulations Char Residual at T 600°C (wt%) Td (°C) at 50 wt% mass loss 

Control 15.56 385.87 

CATH5 20.47 383.37 

CATH10 21.20 388.56 

CATH15 22.16 389.39 

CAPP5 21.41 376.78 

CAPP10 22.20 358.04 

CAPP15 19.50 376.03 

CATH5APP10 29.18 368.20 

CATH10APP5 24.43 368.43 

 

 

Figure 4-10. The degradation behaviors of the selected formulations containing APP and ATH. 
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Figure 4-11 Reaction 14 illustrates the charring mechanism of natural fibre without APP and 

reaction 15 shows the charring process with the presence of APP (fibre phosphorylation) [233, 

237]. 
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Thermal stability of ZB, ZB/ATH and ZB/APP filled composites was characterized from the 

residual content and thermal degradation temperature created via the thermal decomposition. The 

TGA results of the composites tested in nitrogen atmosphere are depicted in Figure 4-12 and  

Table 4-4. The thermal degradation temperature at 50 % mass loss and residual mass of 

formulations were measured. The char formation increased with incremental addition of FRs 

loading and the amount of solid content was proportional to the FRs concentration of the 

formulations, and thermal stability improved especially at higher FR loading. The residue obtained 

from CZB15, compared to the control, improved significantly by 124.7%. It shows that higher 

improvement in thermal stability and mass residue of formulations was directly influenced by the 

presence of ZB as 15 wt% loading provided the greatest values in comparison to those of other 

formulations. It was evidenced that ZB releases 15% water by weight when heated from 290 to 

450 °C [238], which leads to an increase in the thermal resistance of ZB-based composites. The 

water vapor released from the FRs due to the thermal breakdown of material can act dually by both 

diluting the concentrated volatile generated which is due to the oxidizable pyrolysis and absorbing 

the heat to decrease the temperature in the burning zone, thereby promoting the formation of char. 

In addition to that, the thermal degradation temperature at 50 wt% mass loss (Td) of FR filled 

composites enhanced relative to the control, and CZB15 showed the highest Td of 404.69 °C. The 

hybrid formulations showed slightly lesser values of residual mass and Td than the composite with 

15% ZB. For the hybrid samples, the composites containing greater amount of ZB provided the 

enhanced mass residue and Td. It can be determined that ZB filled composites produced higher 

thermal stability than that of its ATH and APP counterparts, as compared with the previous data. 

Since the ZB particles are more effective in enhancing the flame retardancy than ATH fillers, 

ZB/ATH hybrid composites (CZB5ATH10 and CZB10ATH5) showed slightly lesser values of 
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residual mass and Td than those of the composite with 15 wt% ZB. The mass residue and Td of 

CAPP10ZB5 and CAPP5ZB10 reduced slightly relative to those of CZB15, attributed to the 

presence of APP additives in the composites. The reduction in the thermal degradation temperature 

of composites containing APP is owing to the water release and early degradation of phosphate 

groups, which the latter contributes to the char formation. APP fillers affect the thermal behavior 

of natural fibres and produce the fibre phosphorylation at lower temperatures during the 

decomposition. 

 

Table 4-4. TGA results of the control and formulations containing ZB. 

Sample Residual mass at T600 °C (%) Td (°C) 

Control 15.56 385.87 

CZB5 27.92 389.49 

CZB10 32.59 400.03 

CZB15 34.96 404.69 

CZB5ATH10 30.94 397.85 

CZB10ATH5 33.12 401.31 

CAPP5ZB10 34.45 401.10 

CAPP10ZB5 32.29 398.32 
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Figure 4-12. Thermogravimetric analysis (TGA) curves of the control and composites containing 

ZB. 

 

In summary, the inclusion of ZB particles in the composites was found to provide higher char 

residue content and thermal degradation temperature than other composites flame retarded by APP, 

ATH and hybrid of FRs (at the same weight percentage of FRs).  

4.2.4 EDX study 

The EDX analysis tests were carried out on one of the optimum FR based formulations 

(CATH5APP10) and its TGA char was investigated as well. The micrographs indicate the uniform 

distribution of FRs on EFB fibers (after burning) and the matrix, as shown in Figure 4-13. Figure 

4-13(a) illustrates the microstructure of residue (spectrum is magnified on fiber) after TGA test 

whereas the other images exhibit the whole fractured surface of sample taken at several sample 

areas (Figure 4-13(b, c and d)). The agglomerates were not observed that implies the efficient 

spread of various phases. For the char structure (Figure 4-13(a)), a closed and compact residual 
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layer was formed and this carbonaceous char structure restricts the diffusion of volatile gases and 

heat into the substrate. Nitrogen gas within FRs helped enhance the flame retardancy of composite 

by increasing the cohesion of char residue [239]. No cracks or opening was observed in the 

network of char layer and the protective char was densely packed. This is due to the mechanical 

interlocking between the FRs, fibers and polymer matrix [240], which leads to a more effective 

char barrier in insulating mass and heat transfer from burning surface to the substrate. The EDX 

analysis detected the peaks that are present in the char corresponding to carbon (C), oxygen (O), 

aluminum (Al) and phosphorous (P). C, Al and P were present in the char owing to “EFB fiber 

and epoxy”, ATH and APP, respectively (Figure 4-13(a)). These elements were also detected on 

different fractured surfaces of CATH5APP10 (Figure 4-13(b, c and d), but with lesser C, Al and 

P content. This suggests that after thermal decomposition larger amount of carbon, aluminum and 

phosphorous elements remained within the sample. After burning the amount of oxygen reduced 

compared to that of unburned samples (Figure 4-13(b, c and d). The largest amount of element that 

was present in both char and the unburnt sample was carbon attributed to the presence of EFB fiber 

and epoxy polymer. 
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Figure 4-13 EDX analysis of CATH5APP10 sample. (a) spectrum magnified on the fiber after 

TGA test, (b, c  and d) the spectrum magnified on all sample surface. 
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To elucidate the relationship between the intumescent char and FR (APP/ZB) behavior, the 

microstructure of CAPP10ZB5 prior to and after 60 s vertical Bunsen burner test was examined 

by EDX/SEM and compared with the char residue of the control, which dripped on the floor after 

the burner test.  

As illustrated in Figure 4-14, the char of APP10ZB5 formed a compact, smooth, homogenous, 

intumescent and continuous surface, which led to the inhibition of gas diffusion, heat and mass 

transfer.  

 

Figure 4-14. SEM micrographs of intumescent char of CAPP10ZB5 in different areas at 

magnifications of 1200 ×.  

 

The presence of particles on the surface of intumescent char was observed, and the elements are 

determined by EDX Figure 4-15. C, O, B, Zn, P and N were the existing elements in the structure 

of the char, which implies the presence of different compounds comprising of all above-mentioned 

elements, in particular zinc phosphate and borophosphate, forming an intumescent char with more 

crosslink network. The char network, which is highly cross-linked owing to the presence of B 

based compounds, possessed sufficient mechanical performance and inhibited the transfer of heat 

and mass into the bulk of substrate, thereby resulting in the enhancement of flame retardancy. 
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Presence of N, which exists in APP, contributed to the enhancement of the fire resistivity by 

increasing the cohesion of char residue [239]. 

  
Figure 4-15. EDX of the intumescent char of CAPP10ZB5 and presence of elements.  

 

A comparison between APP10ZB5 sample prior to and after combustion (Figure 4-16 and Figure 

4-17) infers that the elements were distributed uniformly on the fractured surface and intumescent 

char without agglomerates. Moreover, it could be found that B, O, P and Zn contents of the char 

are higher than those of fractured sample whereas C content was lesser. This is due to the 

promotion of zinc phosphate and borophosphate on the microstructure surface of intumescent 

residue at elevated temperature, and improvement of crosslinking network upon flame. 
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Figure 4-16. The mapping of dispersion of the elements on the intumescent char surface 

(CAPP10ZB5) shown in this image. 

 

 

 
  

C O P 

Zn N B 
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Figure 4-17. EDX analysis and the mapping of dispersion of different elements in CAPP10ZB5 

composite prior to the combustion. 

 

The char residue of the control illustrated some holes and cavities on the surface of the residue 

(Figure 4-18) due to inadequate generation of char upon fire. The micro-sized porous caused a 

pathway for penetration of pyrolysis volatiles, oxygen and transmission of heat and mass into the 

bulk of substrate. This is owing to the weak mechanical structure of char without FR particles. 

   
Figure 4-18. SEM micrographs of char residue of the control in different areas at magnifications 

of 10000 ×, 1200× and 300×.   

 

C O P 

Zn B 
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4.2.5 Morphological features of composites 

The SEM micrographs of fractured surface of the control, ATH-loaded, 10 wt% APP and 

CATH10APP5 are exhibited in Figure 4-19. Homogenous distribution of flame retardants was 

observed in SEM micrographs. The mechanical properties can be affected by the physical 

characteristics of the polymer, types of additive, additive concentration and filler dimension, 

distribution and shape. The surface interaction between filler and polymer matrix plays a key factor 

in the fracture mechanism and crystalline behavior of the polymer, both of which directly influence 

the mechanical properties of the formulations [241].  

No additive is present in the control sample (Figure 4-19-a) whereas increasing addition of ATH 

particles is visible, as shown in Figure 4-19-b, c and d. For the composite containing 10 wt% APP 

content, the particles can be observed in Figure 4-19-e. The FR fillers are visible in CATH10APP5 

formulation (Figure 4-19-f). The fibres and FR particles mixed within epoxy matrix are shown by 

yellow ellipses and red arrows in Figure 4-19, respectively. 
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Figure 4-19. Morphology of (a) fiber/epoxy (control), (b) CATH5, (c) CATH10, (d) CATH15, (e) 

CAPP10 and (f) CAPP5ATH10 at 600 X. 
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SEM images of fractured surface taken from varying composites (namely: (a) ZB5, (b) ZB10, (c), 

ZB15 and (d) ATH5ZB10) are illustrated in Figure 4-20.  The micrographs exhibited a good 

linkage between matrix and fiber. The SEM images showed good distribution and dispersion of 

FRs in the epoxy matrix where increasing presence of FR particles are clearly visible, as shown in 

Figure 4-20 (c), (d) and (e). 

 

 

 

Figure 4-20 SEM micrographs of (a) CZB5, (b) CZB10, (c) CZB15 and (d) CATH5ZB10. 
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4.3 Comparative Thermal and Physical Investigation of Chemically Treated and 

Untreated Oil Palm EFB Fiber 

4.3.1 Evaluation of fiber surface morphology 

It is crucial to evaluate the modifications in the surface morphology of fibers in order to investigate 

their adhesion with polymer matrix in composite materials. SEM micrographs of untreated fibers 

and 5% alkali treated fibers for the soaking period of 24 h are displayed in Figure 4-21. For 

untreated fibers, no fiber fibrillation was observed but a compact and smooth surface. However, 

alkali treatment distinguished a regular, rough and clean surfaces in the treated EFB fibers (Figure 

4-21 (b), relative to that of raw fiber (Figure 4-21 (a)), attributed to the decrease of impurities. The 

fiber treatment leads to a reduction of the diameter owing to the elimination of a numerous portion 

of natural oils, waxy substances, lignin and hemicellulose. All these could result in larger number 

of reaction sites of EFB cellulose with polymer matrix. The reaction between NaOH solution and 

fibers with their hydroxyl groups during a mercerization treatment is shown as follows [2] : 

(16) impuritiesNaOCellFiberOHOHCellFiberNaOH 
2

   

 

Figure 4-21 SEM micrographs of (a) untreated EFB fibre, (b) 5% alkali treated EFB fibre.  
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4.3.2 EDX study of EFB fibers 

The EDX tests of untreated and treated EFB fibres were conducted, as the observations are shown 

in Figure 4-22. The amount of elements in the fibers on the selected spectrums were obtained. It 

was observed that almost the same amount of C (48 wt%) and O (51 wt%) were present in both 

types of fibres. A small quantity of impurity (Si) was found in the untreated EFB fibre (Figure 

4-22-a), which was then removed after the chemical treatment (Figure 4-22-b). This indicates the 

positive effect of EFB fibre alkaline treatment. 

 

 

Figure 4-22 The EDX results of (a) alkaline treated fiber, (b) untreated fiber. 
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4.3.3 FTIR study 

In order to investigate the effect of treatment on the raw fiber, FTIR was carried out to study 

chemical compositions of EFB fibers before and after 5% alkali treatment. Figure 4-23 displays 

FTIR spectra of untreated and treated EFB fibers. The peak observed at 3442 cm-1 indicates 

hydrogen bonded −OH stretching [242]. The absorbance of –OH diminishes substantially from 

0.34 in untreated fibers to 0.05 in alkali treated fibers. The peak found at 2868 cm-1 denotes the 

C−H stretching from CH2 and CH present in hemicellulose and cellulose. This implies that the 

C−H stretching absorbance reduces in EFB treated fibers. The C−H stretching detected at the peak 

of 2348 cm-1 is for polysaccharide chains [243], which reduced in the treated fibers. The 

absorbance peak at 1743 cm-1, which was found to reduce in EFB alkali treated fiber, is for ester 

group in hemicellulose and C=O band with carboxyl  [244]. The absorbance peak at 1580 cm-1 is 

explained by the water content of fiber, which decreased significantly after chemical treatment 

[245]. The peak observed at 1242 cm-1 is attributed to the C−O stretching vibration of the acetyl 

group present in lignin [246]. This peak reduced with the alkali treatment of the EFB fibers. The 

absorbance peak at 1151 cm-1 signifies C−O−C stretching vibration of the pyranose ring in 

polysaccharides [247], which was observed to drop in treated fibers. The glucosidic bond was 

observed at the absorbance peaks of 834 cm-1 and 897 cm-1 [248]. The Si−O bonding present in 

the bands ranging from 421.33 cm-1 to 567.54 cm-1 [249] lowered in alkali treated fiber. Hence, a 

large amount of lignin and hemicellulose was eliminated due to the chemical treatment as the 

absorbance peaks decreased markedly due to the mechanism of chemical treatment.  
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Figure 4-23 FTIR spectra of untreated and alkali treated EFB fiber. 

 

4.3.4 Thermal stability 

TGA was used to evaluate the thermal stability of treated and untreated EFB fibers. The 

decomposition kinetics was measured with the aid of TGA results. The results are shown in Figure 

4-24, Figure 4-25 and Table 4-5. At first, all untreated and treated EFB fibers lost a small quantity 

of mass between 30 °C and 170 °C owing to the evaporation of moisture. Untreated fibers initiated 

to decompose at around 270 °C whereas alkali treated fibers initiated to decompose at about 285 

°C. The greater resistance of alkali treated EFB fiber to thermal degradation is attributed to the 

elimination of hemicellulose, waxy substances and lignin after treatment of fiber  [250]. The 

second stage of thermal degradation occurred in the 220-350 °C temperature range. The 

degradation stage is ascribed by the decomposition of hemicellulose and cellulose substances 

[251]. Third stage is the decomposition of lignin occurred in a broader temperature range of 200-
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600° C [252]. Table 4-5 presents the onset degradation temperature (Tonset) at 5% weight loss, 

thermal decomposition temperature at 20 wt% weight loss (T20) and residual weight of samples at 

600 °C. The results show that the alkali treatment of fibers significantly increased the Tonset and 

T20 relative to the untreated sample. Moreover, alkali treated fibers show higher amount of char at 

600 °C by approximately 1.08 % increase compared to that of untreated one, attributed to the 

removal of hemicellulose and deposits after the EFB alkaline treatment. 

 

 

Figure 4-24 TGA analysis of untreated and treated fibres. 

 

Table 4-5 Tonset (°C) at 5 wt%, T20, Tmax and residual weight (%) at 600 °C. 

 Untreated fiber Alkali treated 

Tonset (°C) at 5 wt% 261 300 

T (°C) at 20 wt% 307 346 

Tmax (°C) 363.33 378.33 

Residual weight (%) at 600 °C 21.77 22.85 
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After the water vaporization of fibers, two shoulder peaks were observed for untreated fibers. First, 

at 306 °C, which is corresponding to the thermal decomposition of pectin, glycosidic bonds of 

cellulose and hemicellulose. The first peak was not found in alkali treated fibers owing to the 

removal of those substances after chemical treatment while the major peaks at 378.33 °C (Tmax) 

and 363.33°C (Tmax) were detected for alkali treated and untreated fibers, respectively (Table 4-5). 

These peaks are due to the thermal decomposition of α-cellulose, which is why alkali treated fiber 

possessed higher degradation temperature. It can be concluded that the chemical treatments 

increased the thermal stability of EFB fibers by eliminating the non-cellulose substances.  

 

 

Figure 4-25 DTG curves of untreated and treated fibers. 
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4.4 Mechanical characterizations of EFB fiber composites and formulations containing 

optimum flame retardants 

4.4.1 Tensile properties 

The tensile strength, strain and Young’s modulus of untreated EFB reinforced composite (control), 

alkali treated EFB fiber reinforced composite (treated control), ATH/APP filled composites 

with/without chemical treatment of EFB fibers (TATH5APP10/CATH5APP10, respectively) and 

CAPP10ZB5 are shown in Figure 4-26 and Figure 4-27, respectively. The untreated EFB fiber 

reinforced composite (control) presented the tensile strength of 33.89 MPa and elongation to break 

of 4 %. The inclusion of 15 wt% FRs (APP/ATH) reduced the ultimate tensile strength and 

elongation to break by approximately 17% and 22% compared to the control, respectively. APP 

particles were revealed to markedly grow moisture uptake and decreased mechanical performances 

in wood- polymer composites  [253]. In general, it has been formerly found that intumescent 

composites decrease the tensile behaviors of the formulation relative to the neat polymer matrix 

[234, 254-257]. The reduction in strength and elongation to break of composites filled with ATH 

particles is due to poor intermolecular forces amongst ATH, matrix and other constituents (such 

as fiber) [258].  

When the composites fabricated with alkali treated EFB fibers, all tensile properties enhanced over 

that of formulations reinforced with untreated EFB fibers. The utmost value of tensile stress and 

strain were revealed for treated EFB fiber reinforced epoxy with 42.38 MPa and 6.63 %, 

respectively. Compared to the FR filled composite reinforced with untreated fibers, the FR filled 

composite reinforced with alkali treated fibers exhibited approximately 10 % and 8 % increase in 

tensile strength and elongation to break, respectively. The improvements in tensile strength and 

ductility were due to elimination of substantial deposits such as lignin, wax and hemicellulose after 
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treatment. This contributes to strong matrix-fiber interfacial adhesion by increasing the interfacial 

area of contact between the fiber and matrix. CAPP10ZB5 presented similar values of strength and 

elongation to break to CATH5APP10 (Figure 4-26-b). The failure mode of composites depict in 

Figure 4-28. SEM images exhibited slight fiber debonding in the interface of fiber and matrix, as 

shown by red arrows in Figure 4-28-a and Figure 4-28-c, in composites reinforced with untreated 

EFB fibers. This mode of failure suggests the ineffective load transfer between the untreated EFB 

fiber and matrix. This performance was not observed for fractured surface of treated fiber 

composites (Figure 4-28-b and Figure 4-28-d). As presented by red ellipses, the failure was mainly 

characterized by fiber breakage. It is evident that matrix adhered to the treated fiber. This behavior 

confirms that alkali treatment provided strong adhesion between treated EFB fiber and matrix.  

As illustrated in Figure 4-27, the Young’s modulus slightly increased with the addition of FRs into 

the control (CATH5APP10, CAPP10ZB5 and TATH5APP10), with the greatest being 3.53 GPa 

for alkali treated fiber composite containing FRs. The Young’s modulus of formulations reinforced 

with treated fibers enhanced over that of untreated fiber reinforced formulations. The improvement 

in Young’s modulus corresponded to alkali treatment is ascribed by enhanced bonding between 

the matrix and fibers, indicating that loads transferred sufficiently from the matrix to fibers. 

Fractured surfaces of tensile samples were scanned under SEM to examine distribution and 

dispersion of FR particles as well as bonding between the EFB fiber and epoxy matrix, as shown 

in Figure 4-28, within EFB/epoxy composite. The EFB fibers were distributed homogeneity within 

epoxy matrix and no obvious void content was observed. SEM images revealed that flame 

retardant particles distributed homogeneously within the epoxy matrix (several particles are 

highlighted by yellow circles in Figure 4-28-c and Figure 4-28-d). The interfacial interactions 

within polymer matrix are influenced by the presence of FR particles. Flame retardants can change 
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both the crystalline behavior of polymer matrix and the micro-mechanism of failure process  [241]. 

In this case, particles negatively affected the mechanical properties of composites. 

When the alkali treated fibers were used to produce composites, the values of mechanical 

properties increased, attributed to the strong adhesion between epoxy matrix and fibre. The 

improved interfacial wettability helps enhance the load transfer from the polymer matrix to the 

EFB fiber. 

 

 
 

Figure 4-26 (a) The stress-strain curves and (b) tensile strength and strain of formulations. 

 

(a) (b) 



                                         Chapter 4: Thermal and mechanical properties of 

flame retardant filled EFB reinforced epoxy composite 

128 

 

 

Figure 4-27 The Young’s modulus of formulations. 

 

 

Figure 4-28 SEM micrographs of (a) control, (b) treated control, (c) CATH5APP10 and (d) 

TATH5APP10. 
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4.4.2 Flexural properties 

The flexural properties of formulations are displayed in Figure 4-29 and the trends of flexural 

properties are similar to those of tensile strength, strain and modulus. It was found that flexural 

strength and strain of composites with treated and untreated EFB fibers reduced with the 

incorporation of flame retardants. This shows that the intermolecular bonding between the 

constituents broke easily under flexure, implying that flame retardants act as impurities and reduce 

the matrix continuity [11] (as observed in Figure 4-28).  

In order to improve the flexural properties, the fiber alkali treatment was conducted and the 

composites with treated EFB fibers exhibited higher values of flexural properties. The flexural 

strength, strain and modulus improved by approximately 5%, 13% and 5%, respectively, for 

treated fiber composite compared to that of composite reinforced with untreated fibers. For FR 

filled formulation (CATH5APP10), similar trend in increased flexural properties achieved with 

the incorporation of alkali treated fibers (TATH5APP10). The increment in flexural stress, strain 

and modulus was calculated about 7%, 11% and 5%, respectively, for FR filled composite with 

treated fibers (TATHAPP10) relative to those of untreated formulation containing FR 

(CATHAPP10). CAPP10AZB5 and CATH5APP10 demonstrated similar values of flexural strain 

and modulus while flexural strength was higher for CAPP10AZB5. The flexural modulus 

increased slightly with the inclusion of FRs. 

The increase in flexural properties of treated EFB fiber composites, compared to those of untreated 

ones, could be attributed to the enhanced interfacial bonding of the treated EFB fibers with the 

epoxy matrix. During fabrication process, the epoxy matrix penetrates easier into the treated fiber 
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bundles [259]. This phenomenon occurs due to the removal of traces of waxy layers on the surface 

of fiber with the aid of alkali treatment.   

 

 

Figure 4-29 The flexural properties of formulations. 

 

4.5 Summary 

The effective amounts of IFRs required to provide the best flame retardancy behaviors of EFB-

based epoxy composites were examined. The hybrid of 10 wt% APP and 5 wt% ATH as well the 

hybrid of 10 wt% APP and 5 wt% ZB (due to the formation of borophosphate (BPO4) and zinc 

phosphate which contributes to stabilize phosphorous species) were the formulations which could 

meet the aircraft interior requirements in terms of vertical Bunsen burner test. The rest of the 

formulations that were investigated failed the Bunsen burner test. It was observed that ATH 

typically required a greater concentration (between 50 and 60% wt.%) to create an acceptable FR-

based systems [260] , but increasing ATH concentration evidently deteriorates the mechanical 

characteristics. The incorporation of APP was found to reduce the degradation temperature, 
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however APP depicted the capability of an enhanced charring, as revealed in TGA, ascribed to the 

formation of NF phosphorylation, 0 drip flame time and reduced GH. Introducing FRs, either ATH 

or APP alone, showed much lower mass residue and flame retardant behaviors than those of the 

ATH/APP coupled systems. This depicted the establishment of synergistic effect, which can be 

attributed to the effect of ATH and APP mixture upon combustion that besides water, forms two 

different shielding systems including a ceramic metal oxide and aluminum orthophosphate with 

more complete elimination of ammonia and water in the vapor phase. The CZB10, CZB15, 

CZB10ATH5 and CAPP5ZB10 formulations were observed to perform satisfactory in the TGA 

tests with the thermal stability and mass residue of higher than 400 °C and 32%, respectively. The 

incorporation of ZB particles individually was found to provide a great influence on the thermal 

resistivity of EFB reinforced epoxy composites. The GH values of lower 27.60 MJ/kg was found 

for the coupled composite systems including CATH5APP10, CATH10APP5, CAPP10ZB5 and 

CAPP5ZB10. 

Pulverized EFB fibers were treated with NaOH solution followed by neutralizing the fibers. The 

surface morphology and evaluation of amount of elements present in the fibers were conducted by 

SEM and EDX analysis. Treated and untreated fibers were also tested through FTIR and TGA. 

Elimination of lignin and hemicellulose led to the increase of cellulose percentage. SEM images 

showed that alkali treated fibers possessed a rougher surface as well as finer fiber than untreated 

fibers. EDX indicated the removal of impurity after alkaline treatment. FTIR spectroscopy analysis 

indicated the removal of lignin and hemicellulose from the interfibrillar regions in NaOH treated 

fiber compared to the untreated fiber. TGA revealed greater thermal stability and lower moisture 

content of alkali treated fiber than untreated ones. These suggest the elimination of hemicellulose 

and partial elimination of lignin in alkali treated fibers.  
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Mechanical testing analysis showed that tensile strength, elongation to break, flexural strength and 

flexural strain reduced with the incorporation of FRs (APP/ATH and APP/ZB) whereas modulus 

of elasticity and flexural modulus slightly increased. When the EFB fibers were treated in 5 wt% 

NaOH solution, the mechanical properties of untreated control and TATH5APP10 enhanced 

compared to those of control and CATH5APP10, respectively. The composites containing 5 wt% 

ATH-10 wt% APP as well as 10 wt% APP-5 wt% ZB were observed to meet the minimum lab-

scale mechanical requirements, in terms of tensile strength, elongation to break, tensile modulus 

and flexural strength, for aircraft interior furnishings. SEM images revealed the fiber breakage 

failure of composites with treated fiber while the mode of failure for untreated fiber formulations 

were fiber debonding. SEM micrographs illustrated that FR particles dispersed well within the 

epoxy matrix, however, the particles acted as stress concentration zone, resulting in the reduced 

mechanical properties. 

All in all, two more flammability tests are required to evaluate the suitability of using the optimum 

formulations (CATH5APP10 and CAPP10ZB5) for aircraft interiors in terms of flammability tests 

in accordance with FAR requirements. The tests are National Bureau of Standards (NBS) smoke 

chamber in order to measure the smoke density and Ohio State University (OSU) calorimeter to 

measure total heat release and peak heat release rate. These two instruments could not be located 

in Malaysia and several other countries, thus it is suggested that these tests be carried out with the 

aid of major aircraft companies abroad as part of the future work. Additionally, each aircraft 

manufacturer has its own requirements which must be taken into consideration. E.g. in regards to 

the mechanical tests, there are particular mechanical tests, which is conducted in each aircraft 

manufacturer company, that each aircraft interior composite and component is required to meet its 

related criteria. This highlights the importance of collaboration with an aerospace manufacturer in 
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order to perform all the required tests and optimize the formulations by the incorporation of flame 

retardant additives, treatment of the fibres and using suitable fabrication technique. It is worth 

mentioning that the potential exists as natural fibre reinforced composites, which is highlighted 

earlier, have been utilizing in the interior parts of several branded automobiles. 

In the following chapter, the effect of expandable graphite (EG) as a FR on the flammability, 

thermal and mechanical properties of EFB filled epoxy composite was investigated. Chapter 5 

explained the function of EG on the event of fire and thermal conditions, and how EG particles 

provided a thermal barrier.
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Chapter 5 

5. Expandable graphite filled EFB fibre reinforced epoxy composite  

5.1 Introduction 

Natural fiber reinforced epoxy composites are highly flammable due to the presence of natural 

fibers and epoxy resin, which are both combustible in nature [98]. In order to be used for aerospace 

industry, and enable to meet their stringent requirements, developing a flame retarding and 

thermally stable natural fiber reinforced composites as well as strong mechanical properties has 

become highly desirable. A wide range of varying flame retardants such as intumescent flame 

retardants and halogen based materials have been employed to improve the thermal resistivity and 

fire retardancy of polymer composites thus far [99, 261]. To attain the desired levels of thermal 

and fire resistance, concentrations with higher than 25 wt% additives are commonly necessary to 

be applied, which unavoidably causes low levels of mechanical performances [262, 263]. 

Therefore, a material with highly flame resistance characteristics is required to be used for natural 

fiber reinforced polymeric composites to provide sufficient fire retardancy at low concentration. 

Recently, several studies were conducted on the effects of expandable graphite (EG) on the wood 

polypropylene composites [166], polyurethane- polyisocyanurate foam composites [165] and 

epoxy based composites [169], and it was observed that increasing addition of EG particles 

significantly enhanced the thermal stability and decreased flammability properties of composites. 

This could highlight the potential of EG as an effective flame retardant, which still needs to be 

investigated and evaluated in the required flame resistant composite systems.  

EG, known as an intumescent flame retardant material, is categorized as a type of graphite flake 

and possesses layers of hexagonal carbon structure. A distinctive flame retardant characteristic of 
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EG is that sulfuric acid (H2SO4) is intercalated between its crystalline structure (carbon layers). At 

alleviated temperature, the EG gets oxidized, as shown in equation 1 [165], because of a redox 

process on reaction with H2SO4 and forms evolved gases including CO2, H2O and SO2. These gases 

help dilute the heat and O2 concentrated near the fire zone, in the case of thermal decomposition.   

C + 2 H2SO4 →CO2 ↑ +2 H2O ↑ + 2SO2 ↑ (1) 

  

The blowing effect of evolved gases that is escaping through the EG leads to an increase in the 

volume of EG, resulting in an irreversible worm-like structure in EG filled materials, which 

exfoliates perpendicular to the carbon layers. This char suffocates the flame and hinders the 

transfer of heat and mass from the underlying substrate. The char also is capable of acting as a 

physical barrier to diffuse oxygen and heat from the burning zone. Due to a dearth of O2 created 

by abovementioned protections, flame spread becomes difficult [264-266]. Figure 5-1 illustrates 

the way EG acts in the event of fire. 

 

 

Figure 5-1. Protection of expandable graphite for material during fire [267]. 
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EG not only possesses the flame retarding effect, but also has no-smoke production and low 

toxicity [268-270]. EG decreases the smoke density as it works mainly in the condensed phase 

[165]. However, the amount of EG must be controlled in the interior components due to the 

presence of CO2 and SO2 gases. Each aircraft interior manufacturer has its own requirements for 

the toxic gases released upon combustion, which the minimum quantity of each toxic gas must be 

met. This requires the appropriate formulation of composites in order to meet all the flammability, 

thermal and smoke properties simultaneously for each respective aircraft manufacturer.  

The aim of this research study was to evaluate the impacts of EG particles in terms of filler and 

intumescent coating on the flame resistivity, char expansion, char composition, heat shielding, 

char morphology, gross heat of combustion, char residual weight and mechanical performances of 

EFB fiber reinforced epoxy. 

 

5.2 Characterizations of expandable graphite  

5.2.1 EG expansion analysis 

Initially, the characterization of expandable graphite (EG) was conducted. SEM micrographs of 

expandable graphite after placing them in a furnace for the period of 10 s at the temperatures of 

150 °C, 200 °C and 300 °C were shown in Figure 5-2. It was observed that EG exfoliation initiated 

only when heated at 300 °C. This indicates that most of intercalating substances degraded and 

formed gases (mainly CO2 [271]) escaped from the interstices of EG, resulting in expanding the 

graphite layers. Figure 5-3 illustrates the EDX results of EG after thermal shock at 200 °C (prior 

to exfoliation) and 300 °C (after exfoliation). It was found out that EG heated at the temperature 

of 300 °C possessed higher amount of carbon and lesser concentration of oxygen than those of EG 
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heated at 200 °C. The weight percentage of carbon increased from 77.44% to 87.75% whereas 

oxygen weight percentage dropped from 20.81% to 10.83%. This proves that EG reacted and 

expanded at 300 °C and, as a result, higher quantity of oxygen burned and greater amount of carbon 

remained. 

 

Figure 5-2 SEM images of expandable graphite at 150 °C, 200 °C (Mag 250X) and 300 °C (Mag 

250X was used to illustrate a clearer image of the expansion).  

 

 

Figure 5-3 EDX results of EG heated at 300 °C and 200 °C (Mag 250X). 

 

5.2.2 Diameter of expandable and expanded graphite  

The virgin expandable graphite (EG), as received, was in the form of platelets with a diameter 

range of 263-608.30 μm, as shown in SEM micrographs in Figure 5-4, and according to the 
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supplier analysis the expansion ratio of 510 was recorded for this type of EG. After undergoing 

the thermal conditions caused by vertical Bunsen burner and TGA tests, as shown in Figure 5-4, 

expandable graphite expanded along the z-axis of EG and transformed to a vermicular structure. 

The loose and multi porous structure of exfoliated graphite was also witnessed in the micrographs. 

A similar diameter range to the virgin EG was observed in expanded graphite. Stacks of nano-

graphite sheets formed in expanded graphite provided the multi-porous structure and galleries.   

 

 

Figure 5-4 SEM micrographs of expandable graphite, expanded graphite from vertical Bunsen 

burner test and expanded graphite from TGA test (Mag 100X). 

 

5.2.3 Flammability of EFB epoxy composites containing EG as filler and coating 

The results of vertical Bunsen burner tests are shown in Table 5-1. The neat epoxy and the control 

burned fast and the fire reached the top of lab stand and clamp, thus resulting in failure of passing 

Federal Aviation Regulation (FAR) requirement. For neat epoxy, the total flame time (TFT) and 

drip flame time (DFT) were recorded 105 s and 50 s, respectively, and the entire length of specimen 

burned. Reinforcing EFB fibers into epoxy resin (Control composite) was observed not to help 

improve the fire resistivity as the entire specimen vigorously burned, and also TFT and DFT were 
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obtained 160 s and 72 s, respectively. No shielding barrier was formed by EFB fiber components 

to limit the heat and fuel transport, resulting in the increased flame time and drip flame time in 

comparison with the neat epoxy. 

Incorporation of only 3% wt EG extinguished the flame, and could drop TFT as small as less than 

1 second, stop dripping flame and reduce the specimen burned length (only 1 mm burned length). 

With the inclusion of 5 wt% and 7 wt% EG, both the TFT and DFT showed 0 second and the 

burned length was measure about 0 mm. This was attributed to the strong promotion of exfoliation 

of EG layers that occurred prior to the growth of ignition of EFB fibers and epoxy resin, which 

could effectively inhibit the transfer of gas and heat between the burning substrate and fire zone.  

Figure 5-5 and Figure 5-6 exhibit images of EG filled composites after withdrawing the Bunsen 

burner and burning the specimens. The expanded graphite burned is clearly seen at the bottom of 

samples along the width (Figure 5-5) and thickness (Figure 5-6). The volume of burned part of EG 

greatly increased and the worm like structure that was formed suffocated the fire by limiting the 

mass and gas transfer from the composite to the heat source, inhibiting further degradation of 

underlying material. The worm like structure of graphite, acted as an effective thermal barrier 

against the flame source, could be observed in Figure 5-5 and Figure 5-6 after burning.  

For EG coated composites, the results of Coating3 sample showed that 3 wt% EG on the surface 

of composite was not sufficient to decrease the TFT below 15 seconds and failed to meet the 

requirement. No DFT was recorded and the burned length was measured 1.8 mm, which led to a 

1.79 wt% weight reduction.  However, the addition of 5 wt% EG as coating was observed to meet 

the requirements (Table 5-1). The TFT and DFT were recorded 0 s and a burned length of 1 mm 

occurred. This signifies a minimum amount of EG particle is required to provide self-extinguishing 

properties. Figure 5-7 illustrates the images of burned coating5 sample at different views. 
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Expandable graphite expanded instantly and self-extinguished the flame right after withdrawing 

the burner.   

With regard to the amount of smoke generation, a very large quantity of smoke was observed while 

E100 and C specimens were burning vigorously. The incorporation of EG particles reduced the 

smoke generation of composites in such a way that increasing addition of EG additives into the 

composite was observed to produce lesser amount of smoke. For coating3, (the quantity of EG 

particles was lesser than other composites containing EG) the specimen produced lesser amount 

of evolved smoke than E100 and C specimens, but more than other formulations containing EG. 

Coating5 released the smoke almost as much as CEG3. These observations agree with previous 

investigations which highlighted EG functions predominantly in the condensed phase thereby 

reducing the smoke density [165]. Other studies proved that EG possesses low toxicity and no-

smoke production [268-270]. 

 

Table 5-1 The results of vertical Bunsen burner tests. 

Formulations Total Flame 

time (s) 

Drip flame time 

(s) 

Burn length (mm) Mass loss 

(%) 

FAR requirement of 

the test 

E100 105 50 The entire length 100 Failed  

C 160 72 The entire length 100 Failed  

CEG3 0.5 0 (No Drip) 1 0.07 Passed 

CEG5 0 0 (No Drip) ~0 0.05 Passed 

CEG7 0 0 (No Drip) ~0 0.03 Passed 

Coating3 33 0 (No Drip) 1.8 1.79 Failed 

Coating5 0 0 (No Drip) 1 0.08 passed 
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Figure 5-5 The CEG3, CEG5 and CEG7 specimens burned by vertical Bunsen burner test are 

shown along the width. 

 

 

Figure 5-6 The CEG7 specimen burned by vertical Bunsen burner test are shown at different 

views along the thickness. 
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Figure 5-7 The images of coating5 sample at different views after Bunsen burner tests. 

 

5.3 Heat release properties  

The impact of varying concentration of EG in EFB reinforced composites on GH of combustion 

obtained with the aid of bomb calorimeter is displayed in Table 5-2. The effectiveness of a flame 

resistant system is obtained by its potential to decrease the GH of combustion. 

The results that were attained revealed that the inclusion of EFB fiber into epoxy decreased the 

GH from 35.36 MJ/kg to 29.17 MJ/kg (by about 21%) and the GH further dropped with the 

incorporation of EG. Increasing addition of EG reduced GH, e.g. incorporation of 7% EG lowered 

the value of combustibility the most by 25.54% and 4.32% compared to the neat epoxy and control, 

respectively. This reduction is proportional to the concentration of EG introduced into 

formulations.  
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During the combustion, the control and EG filled composites formed a greater quality char layer 

due to the presence of EFB fibers and EG particles, which inhibited the oxygen and heat transfer 

to the bulk of matrix substrate, resulting in a reduced GH value. Also, EG, during heating, is 

capable of covering the surface of substrate and improving the stability and strength of the 

intumescent char [272].  

 

Table 5-2. Gross heat of combustion for E100, C and EG filled formulations. 

Formulations Gross heat (MJ/kg) Decrement of GH from the control 

composite (%) 

E100 35.36 21.22 

C 29.17 0 

CEG3 28.96 -0.72 

CEG5 28.36 -2.78 

CEG7 27.91 -4.32 

 

5.4 Thermal properties of EFB fibre epoxy composites containing EG as filler and coating 

The thermal stability is a key parameter of materials that limits their usage in different applications. 

Hence, the thermal stability of produced formulations was investigated in nitrogen environment. 

Formulations underwent two different thermal degradation stages of intumescence corresponding 

to the temperature range from 30 to 390 °C and formation of char and its decomposition at 390-

700 °C, respectively, as shown in Figure 5-8.  

During the first stage, EG initiated degradation, hence liberating carbon dioxide (CO2), which 

possesses the flame extinguishing impact. Higher residual loss took place in the EG filled 

formulations at this stage, which indicated the main volume of gases spread into the environment. 

Subsequently, the EFB fiber and then epoxy was partially degraded in the formulations. Natural 
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fibers have the initial thermal decomposition in the 200-305°C temperature range, which is 

attributed to the degradation of the cleavage of glyosidic linkages of cellulose, pectin and 

hemicellulose that create 20% weight loss [20, 273-275]. The thermal decomposition is followed 

by the degradation of α-cellulose at the temperature range from 305°C to 370°C with 45.2% weight 

loss [275-277]. Various neat epoxies were observed to decompose thermally in the degradation 

range from 320 °C to 350 °C [278], at 335 °C [275] and at  372 °C [84]. 

In the second stage, the further thermal degradation of epoxy took place mainly in the first place, 

then followed by the degradation of EFB fiber in the composites. Lignin decomposes in a wide 

temperature range from 200 °C to 900 °C [20, 247, 274, 275, 279]. This long thermal 

decomposition temperature range of lignin is due to its complex structure that is aromatic with 

different branches [247, 275]. The char residue increased at 600 °C for E100, C, CEG3, CEG5 and 

CEG7 as compared to residue at  500 °C, and it further increased at 700 °C. Ultimate residual 

weight at 700 °C for E100, C, CEG3, CEG5 and CEG7 were 17.50, 18.47, 22.24, 27.29 and 28.31, 

respectively, as shown in Figure 5-8. Indeed, an utmost enhancement of 10.81% residual mass was 

attained between E100 and CEG7. Greater amount of residue improves the anti-oxidation degree 

in the char, allowing the char to resist greater temperatures intended for a longer period. The 

enhancement in residual weight was witnessed with the presence of EFB fiber and increase in EG 

wt%, which can be seen at various temperatures in 

Table 5-3. This establishes that the worm-like, swollen, dense and continuous char was effectively 

generated in EG filled formulations to shield the undelaying substrate from thermal decomposition. 

The worm-like structure of char formed at about 300 °C was due to the expansion of EG particles. 
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Figure 5-8. TGA results for formulations fabricated. 

 

Table 5-3 Residual weight at varying weight temperatures. 

   Mass residue (%) 

Formulations Td (°C) 

 

at 500 °C at 600 °C at 700 °C 

E100 374.69 19.51 18 17.5 

C 375.14 21.07 19.04 18.47 

CEG3 379.41 24.60 22.89 22.24 

CEG5 379.54 29.42 27.68 27.29 

CEG7 379.60 30.13 28.78 28.31 

 

DTG curves for E100, EFB20E80, CEG3, CEG5 and CEG7 are depicted in Figure 5-9. Inclusion 

of EG particles into EFB fiber reinforced composite shifted the thermal degradation temperature 

(Td) to higher temperatures, as shown in  
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Table 5-3. Addition of EFB fiber and EG platelets provided higher Td in comparison with neat 

epoxy. This is ascribed to enhanced matrix-fiber interactions [275, 280] and EG expansion that 

forms a worm-like barrier on top of the substrate [166]. Incorporation of different amount of EG 

enhanced the thermal degradation temperature of control sample from 375.14 °C to 379.50 (±0.10) 

°C. Expandable graphite contributed to the establishment of a higher char expanded during thermal 

process. Higher char generation can decrease the pyrolysis reactions, inhibit the formation of 

combustible gases and  limit the thermal conductivity of burning substances [278, 281].  Increasing 

concentration of EG slightly improved the thermal degradation temperature of composites. CEG5 

and CEG7 exhibited a lower weight loss rate compared to other formulations, suggesting the 

enhancement of thermal stability caused by higher concentration of EG. 

 

 

Figure 5-9 DTG curves for E100, EFB20E80, CEG3, CEG5 and CEG7. 
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5.5 DMA analysis 

Figure 5-10 and Figure 5-11 show the storage modulus (Eʹ) and loss factor (Tan δ) of epoxy, 

control,CEG3, CEG5 and CEG7 as a function of temperature varied from 30 °C to 100 °C, 

respectively. The storage modulus at 30 °C of samples was also measured and displayed in Figure 

5-12. This analysis was carried out to measure the effect of EFB fibers and EG particles on the 

vicoelastic behavior of epoxy resin.  

As seen in Figure 5-10, inclusion of EFB fibers into pure epoxy significantly increased Eʹ at glassy 

state region. The control composite showed higher storage modulus than that of other formulations. 

Increasing EG particles was found to lower the Eʹ compared to the control, however still higher 

than neat epoxy due to the EFB fibers reinforced in composites. At the temperature of 50 °C, the 

control composite and CEG7 showed approximately 65% and 33% rise over neat epoxy, 

respecitvely. With the increase of temperature, a gradual decrease in storage modulus attained and 

this was followed by an abrupt decrease in thermal transition temperature (Tg), attributed to the 

transision of samples from glassy to rubbery state. As the temperature increases, composites 

containing EG particles presented an early reduction in Eʹ. The onset of Tg  were around 54 °C , 

53 °C and 51-52°C for neat epoxy, control and composites with EG particles, respectively. 

Figure 5-11 indicated that the minimum loss factor in peaks was for the neat epoxy with the value 

of 0.74, and the Tan δ increased with the inclusion of EFB fiber and/or EG particles, the greatest 

being CEG7 with the highset Tan δ of 0.85. It suggests that EG and EFB fiber induced higher 

energy dissapiation than E100. The Tg can be obtained from the peak of damping co-efficient (loss 

factor). Tg increased by 1.65 °C with addition EFB fibers into pure epoxy and also composites with 

EG particles (CEG3 and CEG5) improved  Tg by about 0.84  °C over neat epoxy. However, the 

further increament of EG concentration (CEG7) dropped the Tg of composite (64.72 °C) to nearly 
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similar value of neat epoxy. The thermal transition temperature explains the mobility level of 

matrix segments of polymer networks, e.i, a reduction in the mobility of  polymeric chains can be 

correlated with the increment in Tg [271]. This explanation clarifies higher value of Tg in the 

control and EG filled composites than neat epoxy as the EFB fiber and EG particles constrained 

the mobility of micromolecules of epoxy polymer, which is ascribed by high amounts of fibers 

and fillers in composites. 

As shown in Figure 5-12, due to good interfacial interaction between epoxy polymer and EFB 

fiber elastic modulus at 30  °C of control composite introduced the highest value in comparision 

with other formulations. Furthermore, the incorporation of EG particles dropped the modulus. This 

could be attributed to the lack of adhesion between epoxy matrix and EG particles. EFB fibres 

(similar to other NFs) possess high degree of permeability [9]and  20 wt% EFB mass fraction was 

the maximum amount that could be introduced into the composite. Therefore, there was not 

sufficient interfacial adhesion to create good bonding between epoxy matrix and EG fillers. 

Similarly, it was reported that the storage modulus reduced with the inclusion of EG into rigid 

polyurethane [269]. 

 

Figure 5-10 Storage modulus of formulations. 
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Figure 5-11 Loss factor of neat epoxy, control and EG filled composites. 

 

 

Figure 5-12 Elastic modulus of formulations at 30 °C. 

 

5.6 Combined confocal Raman-AFM analysis 

The burned composite specimens were first scanned and their weight-light images show in Figure 

5-13. This test was conducted in order to compare the intumescent char formed after burning the 

specimen with the unburned surface of specimen. The unburned and burned parts of each specimen 



                                         Chapter 5: Expandable graphite filled EFB fibre 

reinforced epoxy composite 

150 

 

observed are seperated by a dashed line. EG particles expanded after combustion and formed a 

protective swollen char residue. The expanded graphite obtained from the burner test was 

compared with expandable graphite using Raman spectra, AFM, surface topography and surface 

roughness in order to understand the way expandable graphite protects the composite in the event 

of fire. 

Raman spectrum was used to evaluate the surface charactersitics of expandable and expanded 

graphite particles. Figure 5-14 depicts the charactersitic Raman G, D and 2D bands of expandable 

and expanded graphite particles prior to and after the burner test, respectively. The location of G 

peak, indicating the order state of graphitic (sp2-bonded) carbon, was observed in the 1540-1620 

cm-1 spectral range, and the location of sp3-bonded carbon (disorder state, D peak) was found in 

the range from 1320 cm-1 to 1400 cm-1 [282-285]. For the spectral range between 2600 cm-1 and 

2780 cm-1, the carbon corresponding to the 2D peak located [283, 285]. Raman spectrum of 

expanded graphite shifted to the left compared to the expandable graphite spectrum, indicating that 

graphite particles tensioned after burning. This proves that expandable graphite shields the heat 

and mass transfer into the bulk of substrate on combustion, and after expansion at higher 

temperature stretches and exfoliates. 

 

Figure 5-13 White-light images of unburned and burned composite specimens. 
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Figure 5-14 Raman spectra attained from expandable and expanded graphite particles. 

 

AFM characterization was conducted to visualise the surface morphology of expandable and 

expanded graphite particles, and their white-light images and AFM phase images were obtained ( 

as shown in Figure 5-15). The pristine graphite and burned graphite are evident in the white-light 

images (Figure 5-15-a and Figure 5-15-b). Upon combustion, EG particles (Figure 5-15-c) 

exfoliated, which led to the seperation of graphite layers as shown in Figure 5-15-d. 
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Figure 5-15 White-light images of (a) expandable graphite and (b) expanded graphite. AFM 

images of (c) expandable graphite and (d) expanded graphite. 

 

AFM two dimensional (2-D) and three dimensional (3-D) surface topographies were observed by 

AFM microscopy, as depicted in Figure 5-16. The arrangements of physical features of expandable 

and expanded graphite were detected. The pristine expandable graphite (Figure 5-16- a and b) 

expanded in the event of heat and produced broad layers of graphite (Figure 5-16- c and d). 

Topology images of expandable graphite are denser whereas EG images are more transparent. 
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Surface roughness of particles are shown in Table 5-4. For the analyzed area of 99.2203 µm², the 

roughness surface average (SA) and roughness mean square (SQ) of graphite decreased from 

238.88 nm to 169.71 nm and from 270.78 nm to 213.75 nm after expansion, respectively. This 

implies the smoother surface of graphite after exfoliation as expected due to the expansion of 

graphite layers and increased surface area [271, 282]. 

 

 

Figure 5-16 Topography images of expandable graphite (a) 2-D and (b) 3-D as well as expanded 

graphite (c) 2-D and (d) 3-D. 
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Table 5-4 Surface roughness of expandable and expanded graphite particles. 

  Expandable graphite Expanded graphite 

Analyzed area (µm²) 99.2203 99.2203 

True area (µm²) 102.894 124.475 

Peak-peak (nm) 1167.94 1788.76 

Roughness surface average (SA) (nm) 238.881 169.71 

Roughness mean square (SQ) (nm) 270.784 213.752 

 

5.7 EDX analysis 

The microstructure of char layer attained after vertical Bunsen burner and TGA tests for CEG7 

and CEG5 are displayed in Figure 5-17 and Figure 5-18. An expanded char generated during the 

thermal decomposition that acts as a barrier against gases and heat. Upon the event of fire, the 

expandable graphite in CEG7 expanded and formed a worm like structure of carbon layer, as 

illustrated in Figure 5-17-a. The residual structure of EFB fiber formed from degradation of CEG5 

showed many cracks and large holes attributed to less condensed char or inadequate char 

generation [286] (Figure 5-18-a). With the presence of both EFB fibers and EG particles existed 

in composites, a multiporous and thick char with a homogenous and uniform cell-size distribution 

was formed as shown in Figure 5-18-c. This charred structure would be favorable as it retarded 

the heat and mass transfer into materials. The physical structure of residue plays a key role to 

provide a desired thermal resistivity. The homogenous, compact and dense structure of char are 

capable of promoting effective thermal insulation properties. The content (%) of carbon and 

oxygen almost remained similar for the char burned in air atmosphere and the sample tested under 

nitrogen in TGA. Generally, high weight percentage of carbon implies a strong degree of 

antioxidization for the residue at greater temperatures. The presence of S in the char residue is 
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attributed to the exfoliation of EG at high temperature, leading to the release of SO2. The existence 

of small amount of K could be ascribed to the contamination of char residue in the alumina pan. 

 

 

Figure 5-17. EDX analysis of char residue for CEG7 after vertical Bunsen burner test in the air 

atmosphere at 100X: (a) the selected spectrum, (b) elements in the char residue. 

 

 

 

 

 

Figure 5-18. EDX analysis of char residue for CEG5 after TGA test in the N2 atmosphere at (a, 

b) 5000 X and (c, d) 1000 X. 

 

(a) (b) 

(a) (b) 

(c) (d) 
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5.8 Morphology of composites 

In order to investigate the bonding and dispersion of the EG and EFB fiber when added into epoxy 

resin at different concentration of EG, SEM was used. SEM micrographs of tensile fractured 

samples are presented in Figure 5-19 and Figure 5-20.  

As displayed in Figure 5-19, a relatively strong interfacial bonding between epoxy and EFB fiber 

was observed, as highlighted with red arrows, which demonstrates good adhesion of EFB fibers 

with the epoxy when pulled under tension.  The SEM images indicated no fiber debonding and or 

pull out in the fibrous regions and a breakage was formed during the tension, highlighted by yellow 

arrow. The abovementioned reasons suggest the positive effect of EFB fiber as reinforcement on 

improved mechanical properties of control composite relative to the neat epoxy.   

 

 

Figure 5-19 Micrographs of EFB20E80 at magnifications of 300×, 600× and 1000× after tensile 

test.  

 

For the impact of varying EG to the EFB fiber reinforced composite on the microstructure and 

fracture surface of formulations, the tensile fractured surface of samples were scanned and are 

indicated in Figure 5-20. The interfacial adhesion of EFB fiber and EG fillers with epoxy resin 
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were illustrated by green and red ellipses, respectively. EFB fibers were observed to show good 

bonding with matrix and similar to control sample, fiber breakage was occurred (highlighted by 

yellow arrow) and no pull out was detected. Despite of fibers, it was found out that EG fillers were 

not capable of providing a strong interaction with matrix and micro-cracks were formed when the 

samples were pulled. (20 wt% weight fraction of EFB fibres were the maximum quantity that could 

be reinforced into the composite due to the high degree of wetting of NFs. EFB fibres tend to 

absorb the epoxy polymer, therefore, the interfacial bonding between EGs and epoxy matrix was 

not adequate.). This implies the lower mechanical properties of EG filled composites than those of 

the control. Increasing incorporation of EG particles worsened the interfacial wettability amongst 

constituents. River like structure of epoxy resin were also marked in the micrograph. For the 

composite reinforced with treated EFB fibers (EG5), as illustrated in Figure 5-20, it was observed 

that the fracture was chiefly characterized by the breakage of EFB fibers. Since the treated fibers 

were free of lignin, hemicellulose, wax and other surface deposits [287, 288], epoxy matrix was 

observed adhering to the EFB fibers, thereby providing stronger bonds between the EFB fibers 

and epoxy matrix. 



                                         Chapter 5: Expandable graphite filled EFB fibre 

reinforced epoxy composite 

158 

 

 

Figure 5-20. SEM micrographs of control, EG filled composites and EG5 at 300X. 

5.9 Tensile properties  

The tensile strength, Young’s modulus and strain at break of E100, C, CEG3, CEG5, CEG7 and 

EG5 are shown in Figure 5-21 and Figure 5-22. Inclusion of 20 wt% EFB fiber into neat epoxy 

improved the tensile strength, i.e. 27.42% increase compared to that of E100. 

As shown in Figure 5-21, any increase of EG in untreated EFB fiber composite reduced the tensile 

strength relative to control composite, but still higher than neat epoxy. This can be attributed to 

the tension load which did not transfer from epoxy matrix to EG particles owing to the lack of 

interfacial adhesion between polymeric matrix and EGs [289, 290]. This can also be observed from 

SEM images (Figure 5-20), attributed to the high degree of permeability of NFs that absorb the 

epoxy matrix [9], as highlighted previously. E.g. CEG7 showed 15.05% decrease in the tensile 

strength compared to that of the control. The tensile strength of formulation reinforced with alkali 
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EFB fibers (EG5) enhanced over that of the control, epoxy and untreated EFB fiber EG filled 

composites. The enhancement in tensile stress was calculated 24.77% relative to the control, which 

could be ascribed to stronger interfacial adhesion between the treated EFB fibers and resin matrix. 

With regards to tensile strain, the incorporation of EFB fiber into the brittle epoxy enhanced the 

ductility of composites, as depicted in Figure 5-21. The elongation to break increased by 58.63% 

with the inclusion of EFB fiber into the epoxy. Any further incorporation of EG platelets dropped 

the elongation to break, with the greatest being CEG7 with 23.59% reduction as compared to the 

control. The elongation to break was found to increase by 51.26% with the usage of alkali treated 

EFB fiber in the EG5 relative to the control. The reduced strain with the increased concentration 

of EGs is due to the lack of bonding between EGs and polymer matrix [290], as observed from 

SEM micrographs (Figure 5-20). 

The tensile modulus of all formulations is shown in Figure 5-22. The control exhibited 62.72% 

increase in the tensile modulus over that of E100 and tensile modulus improved by 28.80% in EG5 

relative to that of the control. The maximum value of modulus was for the EG5 due to the presence 

of treated EFB fibers. Increasing the amount of EG particles in the untreated EFB fiber reinforced 

composites reduced the modulus. The results of Young’s modulus are in accordance with the 

storage modulus, as obtained from DMA study. This drop implies the insufficient adhesion 

between the polymeric matrix and EGs [172, 289] as also depicted from SEM images (Figure 

5-20). The same reduced trend in tensile moduli with the incorporation of EG into polymeric 

matrices was observed in other studies, cited as [172, 289]. 

It can be concluded that EG particles disturb the load transfer from polymer matrix to the EFB 

fibers, resulting in the reduced tensile properties, and also could not act as an effective 
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reinforcement to resist tensile loads to improve the mechanical behaviors. These properties were 

observed to improve with the incorporation of chemically treated natural fibers. 

 

Figure 5-21 Tensile stress-strain curve of E100, C, CEG3, CEG5, CEG7 and EG5. 

 

 

Figure 5-22 Young’s modulus of E100, C, CEG3, CEG5, CEG7 and EG5. 
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5.10 Flexural properties 

The flexural properties of neat epoxy, control, composites reinforced with varying wt% of EG 

concentrations and EG filled composite with alkali treated EFB fibers are shown in Figure 5-23. 

The trend of the flexural performances was similar to those of tensile properties. It was observed 

that the reinforcement of EFB fiber enhanced the flexural strength, strain and modulus when added 

into epoxy resin with the increment of 19.3%, 93.2% and 68.1 % for flexural strength, strain and 

modulus, respectively. Besides, every increase of EG concentration in EFB fiber reinforced 

composite dropped the flexural properties. The formulation reinforced with 7 wt% EG exhibited 

8% and 34.3% and 15.1% reduction in flexural strength, strain and modulus relative to those of 

the control, respectively. The abovementioned variations (reduced flexural properties) could be 

ascribed to poorer interfacial interaction of EG flakes with epoxy polymer (as shown in SEM 

micrographs (Figure 5-20)), which limits the mobility of epoxy polymeric chains [172]. Similar 

decrease in flexural strength and modulus was found with the incorporation of EG particles into 

the NF polymeric composite [172]. The increase in flexural behavior of EG5 was associated to the 

presence of alkali treated fibers. The flexural strength, strain and modulus improved by 

approximately 2.2%, 20.8% and 4.6%, respectively, compared to those of control. This implies the 

positive effect of alkali treatment on the flexural properties similar to the tensile behaviors but to 

a lesser degree. 
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Figure 5-23 Flexural properties of formulations. 

 

5.11 Summary 

The flammability and thermal resistivity of EFB fiber reinforced epoxy composites were 

remarkably improved by the inclusion of EG particles as filler and EFB fibers, as proved by the 

vertical Bunsen burner, bomb calorimeter, TGA, confocal Raman-AFM, SEM, EDX tests and also 

characterization of EG. This was attributed to the exfoliation of graphite layers with the aid of 

generation of EFB fiber char in the case of a thermal condition, which could shield the heat and 

mass transfer into the bulk of material. The requirements of aircraft interior for vertical Bunsen 

burner were met by EG filled composites at each concentration used. For EG coating composites, 

the formulation with 5 wt% EG coating was found to meet the requirements of the Bunsen burner 

test. On the other hand, increasing incorporation of EG fillers reduced the mechanical properties 

relative to the control due to low level of interfacial adhesion between the EG and other 

constituents.  However, reinforcing EFB fiber was observed to improve the mechanical properties 

relative to the neat epoxy, which could compensate the negative effect of EG fillers on mechanical 
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behaviors. The alkali treatment of EFB fibers improved the mechanical properties of EG filled 

composite further, even to higher values than the control. The control composite and all 

formulations filled with EG were in the acceptable range of mechanical performances for the 

aircraft application. 

These EG filled composite systems were shown to provide cost-effective and feasible strategy to 

establish a thermally resistant composite material, which can be produced through an industrially 

simple processing technique as well as inexpensive expandable graphite and EFB fiber; however, 

the future work shall be to enhance the mechanical performances of EG filled epoxy composites.   

Similar to CATH5APP10 and CAPP10ZB5, CEG7 was observed to meet the 12 s vertical Bunsen 

burner requirements with 0 s flame time, no drip flame time and negligible burn length. GH of 

combustion was measured less than 28 MJ/kg for all three formulations. Minimum lab scale tensile 

and flexural performances were found to be passed by the aforementioned composites. 
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Chapter 6 

6. Nomex honeycomb panels with EFB composite skins 

6.1 Introduction 

Currently, carbon or glass fiber phenolic Nomex honeycomb panels have been utilized to produce 

the parts of aircraft interiors. Nomex core is used in aerospace applications due to its formability, 

strength to weight ratio, various cell sizes, fire resistance, low dielectric performances and good 

insulating behaviors. Sidewall panels, ceilings, partitions and over stowage bins are of instances 

of the applications of these sandwich panels in airplane [176, 178, 291, 292]. 

To improve the fuel consumption by reducing the weight and usage of environmental friendly 

fibers, synthetic fibers (carbon and glass fibers) can potentially be replaced with NFs. A decrease 

in mass of one structural interior component could result in weight savings in other parts or 

subsystems of aircraft, or lead to enhancing payload capacity and increasing fuel economy. 

However, safety factors are required to be considered to ensure that mechanical and flammability 

performances of components with the newly developed materials are capable of meeting the 

requirements. Aircraft interior components having honeycomb composite panels such as lower and 

upper panels, overhead stowage, partitions, galley, lavatories, stowage bins and ceiling are 

required to resist loads applied to them prior to, in-flight and after flight. The loads can be dynamic 

during turbulence and landing so that structural integrity and safety of commercial aircrafts need 

to be guaranteed. The materials used for the construction of a honeycomb panels including the 

composite skins and Nomex honeycomb are required to meet the FAR requirements as well, which 

is in terms of flammability and smoke performances. The ignitibility of natural fibre polymeric 

composites hinder their rapid development in aircraft components.   
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Composites with honeycomb structures present remarkable out-of-plane compression, energy 

absorption and shear performances for low weight, which is why they have been used for aircraft 

cabin parts, as some of these compartments are shown in Figure 6-1. Once Nomex honeycomb is 

collapsed, the support of Nomex to the composite sheets reduces substantially. This signifies the 

importance of honeycomb core’s resistance to collapse under flatwise compressive loadings. These 

honeycomb composite structures consist of a very lightweight core separating two high strength 

and thin face sheets (Figure 6-2). The function of core is to increase the second moment of inertia 

and as a result, bending stiffness based on I-beam principle [293], as depicted in Figure 6-3. The 

core carries transverse shear and normal loads, and the face sheets mainly resist the compressive 

and tensile loads owing to bending forces. The role of skin/core adhesive is to rigidly join the parts 

of sandwich panel in order to act as one component to bear both high bending and torsional 

strength.  

Every interior component used in aircraft cabin must meet the safety and mechanical requirements 

of FAA, other aircraft agencies or manufacturers. With regards to the safety, both face sheet and 

honeycomb core have to meet the flammability and thermal requirements. Nomex honeycomb 

used in aircraft interiors is made of phenolic resin bonded aramid paper and must meet the FAR 

25.583. Phenolic resin is inherently flame resistant which, in a flame scenario, develops low levels 

of combustion produces and smoke in comparison to other types of resins such as polyester and 

epoxy. The composite skins are required to meet all FAR-part 25 requirements as well.   

In spite of the great attention to honeycomb composite panels, no publications present information 

on mechanical and flammability properties of honeycomb panels with composite skins produced 

by reinforced natural fibers embedded in flame retardant or expandable graphite. To the best of 

author’s knowledge, compressive, flexural and shear performances as well as vertical Bunsen 
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burner (12 s and 60 s) data for honeycomb panels containing Nomex honeycomb and EFB fiber 

(FR or EG filled) epoxy skins have not been reported so far. 

To reliably anticipate the component safety in terms of structural stability and flame resistivity, 

understanding the performance of composite sandwich panels through compressive, flexural and 

shear tests and burner experiment has become essential particularly in aircraft interior parts as the 

role of composite skins and the Nomex honeycomb is to satisfy the structural and ignitibility safety. 

The compressive, flexural, shear, vertical Bunsen burner (12 s and 60s) and SEM tests were carried 

out to study the flammability and mechanical behaviors of composite sandwich structures. The 

modes of failure, structural response of the honeycomb core and panels, adhesion between the 

honeycomb core, adhesive and composite skins as well as their ignitibility were investigated.  

 

 

Figure 6-1 A few cabin parts made of honeycomb composites are exhibited (Source: Aerospace DELO). 
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Figure 6-2 The core and face sheets of composite sandwich fabricated a sandwich panel (sources: NauticEXPO and 

Hexaflex). 

 

 

Figure 6-3 Principle of bending strength and second moment of inertia for honeycomb core composites (Source: 

STRESS EBOOK LLC.). 
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6.2 Fabrication of honeycomb panels 

6.2.1 Preparation of face sheets of honeycomb panel 

Composite skin sheets for the panels were fabricated using compression molding. The optimum 

percentage of APP and ATH was selected from the previous experiment to prepare the skins for 

one of the panels and the other composite honeycomb panel was produced using 7 wt% of EG 

particles in the skins. The APP and ATH possessed 10 wt% and 5 wt% in composite sheets, 

respectively, which was first mixed with epoxy for 2 minutes and then placed in an ultra-sonication 

with amplitude of 50% and the frequency of 20 kHz for the period of 15 minutes to achieve a 

homogenous dispersion in the epoxy. Subsequently, the pulverized alkali treated EFB fibers of 20 

wt% with the length of 1-3 mm, which were oven dried for 24 hours at 70 °C prior to the composite 

fabrication, were added into the mixture of epoxy and flame retardants to soak for 5 minutes while 

the mixture was shaking in a shaker incubator with the speed of 150 rpm at ambient temperature. 

Hardener was then added at appropriate ratio and mixed for 2 minutes. The mixture was degassed 

for 15 minutes in a catch pot connected to a vacuum pump. Finally, the mixture of slightly higher 

amount of the mold volume was poured into a matching mold with the thickness of 2 mm and were 

cured for 24 hours under the compression loading of 17 kPa at ambient temperature.  

Similar fabrication technique was employed for the fabrication of EG filled composite skins with 

one additional further mixing procedure prior to ultra-sonication of the mixture on a mechanical 

stirrer with the constant step rate of 1000 rpm for 30 mins. The formulation prepared with their 

respective wt% from compression molding technique is shown in Table 6-1. 
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Table 6-1 Formulations used for the fabrication of face sheets with their constituents by weight 

percentage (wt%). 

Formulation of face sheets  

for the panels 

Epoxy  fiber  APP  ATH  EG 

Face sheets for sandwiched structure 1 65 20 10 5 
- 

Face sheets for sandwiched structure 2 73 20 - - 
7 

 

6.2.2 Preparation of the sandwiched panels 

The composite sandwich panel was prepared by bonding the two composite face sheets to 

honeycomb core using the brushing technique. As the thickness of aerospace grade core was 2 

mm, the dipping method could easily fill up the cells of Nomex core with adhesive. The aerospace 

grade Nomex honeycomb had a density and cell size of 29 kg/m3 and 3.2 mm, respectively. Firstly, 

a layer of the same epoxy grade used for the fabrication of composite skins with the weight of 

approximately 104.16 µg/mm2 was brushed on one surface of the honeycomb core, and the core 

was carefully placed with the “L” direction (ribbon direction) along the primary direction on top 

of a composite skin to bond together using a top weight with the pressure of 4 kPa, which was 

largely smaller than the ultimate compressive stress of honeycomb core. The structure was left to 

cure for 24 hours at ambient temperature (Figure 6-4) prior to the bonding of the second face sheet 

on the other side of honeycomb core. Subsequently, the other side of Nomex honeycomb core was 

brushed with about 104.16 µg/mm2 of epoxy and positioned on another skin. The pressure of 4 

kPa was applied to the honeycomb structure until it cured fully after 24 h. Two sandwich panels 

were fabricated using two different types of composite skins, namely skin 1 and skin 2. Each 

sandwich panel possessed 6 mm thickness consisting of two composite skins with each 2 mm 
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thickness as well as a Nomex honeycomb core with the thickness of 2 mm, as shown in Figure 

6-5. 

 

 

Figure 6-4 Bonding of honeycomb to one of the skins which is at the bottom of core. 

 

 

Figure 6-5 The final product which is a honeycomb core panel with 6 mm thickness. 
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6.3 Characterizations of Nomex honeycomb sandwich structure 

To evaluate the flexural response of composite sandwich panel and to provide the compressive 

and shear performances of the core, the compressive test for the Nomex core and sandwich 

structure, and three-point bending test for the composite panel were conducted. 

 

6.3.1 Compressive properties 

In order to design the sandwich panels, understanding of their compressive behaviors is crucial. 

Flat-wise stabilized compressive tests were performed to study the out-of-plane crushing 

performance of honeycomb sandwiched panels. The test set-up of honeycomb sandwiched 

structure subjected to the stabilized compressive loading is shown in Figure 6-6. Five honeycomb 

core coupons measuring 50 mm × 50 mm × 2 mm were bonded between two FR filled composite 

skins and another five core coupons of the same dimension were bonded between two EG filled 

composite skins. The specimen geometry and detailed deformation process are illustrated in Figure 

6-7 and Figure 6-8, respectively. The specimens collapsed, crushed and then hardened during the 

deformation. 
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Figure 6-6 Test set-up of a honeycomb sandwich structure subjected to the stabilized compression. 

 

 

Figure 6-7 Specimen geometry of flat-wise stabilized compressive test at different views.  

Figure 6-9 shows the elastic-plastic relationship between stabilized compressive stress and strain 

of sandwich structures, which includes three deformation stages. The first stage is the elastic region 

up to the stabilized compressive stress in the range of 0.88- 1.02 MPa for all the panels. The second 

stage consists of the collapse phase followed by crushing phase at almost constant crush stress 
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(plateau strength). The last one includes the densification region with the strain densification in 

the range of 71.6%-73.6% for all the panels, where the cells of honeycomb structure are completely 

compressed leading to a steep stress upsurge. As all 10 specimens of two different types of panels 

exhibited similar results, the curve of two specimens from each panel is illustrated in Figure 6-9.  

The tests determined a range of values of stabilized compressive stress, crush strength and 

densification strain of the honeycomb panels, as shown in Table 6-2. As the same technique was 

used to bond the Nomex honeycomb core to the EFB fibre reinforced composite skins, and 

composite skins are rigid under compression, compressive results are the effect of compression of 

the core which are the same in terms of strength and modulus for both types of panels. The 

thickness of composite skins and Nomex honeycomb core do not affect the compressive properties. 

However, for the same cell size and thickness of honeycomb with different density, the 

compressive strength and modulus are higher for the core with higher density. For the same density 

and thickness, varying cell size does not significantly change the compressive strength and 

modulus [30, 294]. As highlighted previously, an aerospace grade honeycomb core possessing the 

specific density and cell size was used in this work. 
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Figure 6-8 Deformation stages: Honeycomb panels prior to compressive test on the left images 

(initial regime) and honeycomb panels crushed after applying the load on the right side (crushing 

regime and densification). 
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Figure 6-9 Flat-wise stabilized compressive stress-strain curves of 4 selected specimens of 

sandwich composite panels (all specimens from different panels show similar trends). 

 

Table 6-2 Out-of-plane compression performances of honeycomb panels. 

Compression properties Values (range) 

Stabilized compressive strength (MPa) 0.88- 1.02 

Initial crush strength (MPa) 0.42- 0.60 

Densification strain (%) 71.68- 73.68 

 

6.3.2 Flexural properties of honeycomb core sandwich panels 

Flexural performance of the sandwich panels with different skins was evaluated using three-point 

bending test mode. Figure 6-10 and Figure 6-11 show the bending stress-displacement behavior of 

Nomex honeycomb core panels with EG filled composite skins and FR filled composite skins, 
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respectively. Flexural behaviors of sandwich configuration were investigated in accordance to 

ASTM C393M [201]. The formula for facing flexural stress was found as: 

𝜎 =  
𝑃𝑚𝑎𝑥  𝑆

2 𝑡 (𝑑 + 𝑐)𝑏
 

 

 (1) 

 

Where 𝜎 is the facing flexural stress, t is the thickness of composite skin (2 mm), S is span length 

(150 mm), Pmax is the maximum applied load prior to failure, d is the sandwich thickness (6 mm), 

b is sandwich width (75 mm) and c is core thickness (2 mm). 

 The five sandwich panel specimens with EG composite skins broke at an ultimate fractured stress 

in the range from 97.45 MPa to 107.23 MPa (Figure 6-10-a). For honeycomb core panels with FR 

filled composite skins, the values of ultimate bending stress was in 90.14-99.50 MPa range (Figure 

6-11-a). The lower range of maximum flexural strength in panels with FR filled skins can be 

attributed to higher amount of particles that are present in their composite skins than panels with 

EG skins. Composite containing FR had 15 % concentration of particles whereas in the other 

composite 7% of EG was introduced. These particles interfere the continuity of polymer matrix 

under flexure and reduce the bending properties of composites. 

The failure of panels started with the initiation of crack at the bottom skin, and honeycomb core 

crushed until the complete fracture of this composite skin. Furthermore, while the upper skin 

bended parallel to the bottom skin, the upper skin fractured shortly after the failure of bottom skin. 

As shown in Figure 6-12 and Figure 6-13, the skins failure occurred in the middle of the specimen, 

and the top and bottom skins fractured with a small offset. Nomex honeycomb core crushed under 

the flexure as well.  
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It is worth highlighting that increasing the thickness of honeycomb core leads to the enhanced 

flexural strength [30]. 

 

Figure 6-10 Bending stress-displacement curves of all panel specimens with EG filled skins. 

 

 

Figure 6-11 Bending stress-displacement curves of all panel specimens with FR filled skins. 
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Figure 6-12 Failure mode of honeycomb sandwiched panel with EG filled composite skin. 

 

 

Figure 6-13 Failure mode of honeycomb core panel with FR filled composite skin. 
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6.3.3 Core shear ultimate stress from bending test 

Nomex honeycomb shear performances were studied by bending experiments according to ASTM 

C393M. The core shear ultimate stress (𝜏) was calculated as follows: 

𝜏 =  
𝑃𝑚𝑎𝑥

𝑏 (𝑑 + 𝑐)
 

 

 (2) 

For sandwich configuration with EG filled facings, the core shear ultimate stress was found 2.73 

MPa where Pmax, b, d and c were 1638.08 N, 75 mm, 6 mm and 2 mm, respectively. 𝜏 was 

calculated 2.56 MPa for honeycomb core structure with FR loaded composite skins where Pmax, b, 

d and c were 1538.30 N, 75 mm, 6 mm and 2 mm, respectively. The higher 𝜏 for the panel with 

EG skin is due to its greater Pmax. 

It was shown that the shear behavior of a honeycomb core is highly dependent upon the facing 

materials, facing thickness, core thickness and loading conditions, therefore, the shear values may 

vary remarkably from one series of test to another [30]. It is necessary to stress that honeycomb 

shear values attained from bending tests are greater than the values attained from plate shear tests 

[30]. E.g. skin thickness alone leads to large variations since the skins are able to take on shear 

forces besides what the honeycomb carries. Additionally, the skins are capable of carrying further 

shear forces after the core has yielded.  

 

6.3.4 Bending stiffness 

The sandwiched panel bending stiffness (D) was calculated by the following formula in accordance 

with ASTM D7250M [295], where E is the modulus of elasticity of the composite skins. 

𝐷 =  
𝐸 (𝑑3 − 𝑐3) 𝑏

12
 

 (3) 
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For the panel with EG filled composite skins, D was calculated 4.36 Nm2 where E was measured 

3.36 GPa from the tensile test. In the absence of Nomex honeycomb core, the bending stiffness 

measured was 1.34 Nm2. This indicates that bonding the Nomex honeycomb core to the EG-filled 

facings increased the bending stiffness by 3.25 times. 

For the panel with the composite skins made of the hybrid of APP and ATH particles (composite 

skins had the elastic modulus of 3.53 GPa, as measured previously), D was calculated as 4.58 Nm2. 

Structure without honeycomb core had the bending stiffness of 1.41 Nm2. Thus, D enhanced by 

approximately 3.25 times in the case of the Nomex honeycomb core bonded to the composite skins 

as demonstrated in the current study. 

Consequently, it was observed that utilization of the Nomex honeycomb core stiffens the sandwich 

structure with a negligible increase in its weight.  

In order to compare the required weight of a composite beam to the sandwich panel with the same 

composite (beam) skins for the same values of bending stiffness, the bending stiffness of composite 

beams was calculated as follows: 

𝐷′ =  
𝐸 𝑏′ 𝑡′3

12
 

 

 (4) 

Where Dʹ is the bending stiffness of composite beam, E is the elastic modulus of composite beam, 

bʹ is the width of composite beam and tʹ is the thickness of composite beam. The calculations were 

made in such a way to achieve the same value of honeycomb panel bending stiffness for composite 

beams. 
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For an EG loaded composite beam having Dʹ of 4.36 Nm2 (the same value of bending stiffness as 

panel containing EG filled composite skins), E of 3.36 GPa and bʹ of 75 mm, the thickness of 

composite beam (tʹ) is required to be approximately 6 mm. This shows that by utilizing the panel 

containing two EG filled composite skins that each having thickness of 2 mm, an approximate 

weight reduction of 33.33 % can be achieved (the weight of honeycomb core and adhesive is 

negligible). 

In regards to a composite beam loaded with FR additives, on the condition that a bending stiffness 

(Dʹ) of 4.58 Nm2 (the same value as bending stiffness of a panel with FR loaded composite skins) 

is required to achieve, having E and the width of FR loaded composite beam, 3.53 GPa and 75 

mm, respectively, the required thickness is about 6 mm as well. Similar to previous type of panel, 

mentioned in previous paragraph, for the panel containing FR filled composite skins, the weight 

reduction was calculated to be around 33.33 %. This highlights the importance of honeycomb core 

in improvement of flexural stiffness without using a beam with higher weight. Greater thickness 

of honeycomb core enhances the stiffness of panels [30, 294]. 

 

6.3.5 Plate core shear properties 

Plate shear tests were conducted in accordance with the ASTM standard C273 [203] and the 

experiments were performed in L and W directions for panels containing EG loaded composite 

skins (2 specimens) and FR filled composites skins (2 specimens). In this test, the secondary shear 

stresses are negligible [203, 296]. The dimensions of specimens were 150 mm × 50 mm and the 

loading rate was 0.5 mm/min. Both sides of specimens were bonded to a metal plate with the aid 

of ULTIMEG 2020 two parts epoxy resin which were cured in an oven at 70 °C.  The set-up was 

performed in such a way that the line of action ( or plane in which the force acts) of the direct 
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tension load passes along the diagonally opposite side of honeycomb core [203], as illustrated in 

Figure 6-14 (a). The shear stress can be calculated as follows: 

𝜏 =  
𝑃

𝐿𝑏
 

 

 (5) 

Where 𝜏 is honeycomb shear strength, b is width of honeycomb (50 mm), L is the length of core 

(150 mm) and P is the load on specimen. The shear failure of honeycomb cells is exhibited in 

Figure 6-14 (b). 

The results (Figure 6-15 and Figure 6-16.) show a linear elastic deformation, followed by a 

remarkable force reduction down to a strength plateau due to shear buckling. The strength plateau 

continued until the cell walls tore and then led to complete failure.  

In regards to longitudinal transverse shear results, the strain-stress values reduced more obvious 

than W direction owing to buckling. Besides, the developing plateau finished at considerably lesser 

strain values than W direction results. 

It is worth highlighting that the thickness of honeycomb core does not affect the plate core shear 

properties. For the same density of core, varying cell size does not considerably affect the plate 

core shear strength and modulus. However, the core shear strength and modulus improve with 

increased Nomex core density [30, 294].  
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Figure 6-14 (a) Plate shear test conducted by employing force line of action and (b) shear failure 

of Nomex core at different areas. 

 

Figure 6-15 Shear stress-strain response where core was tensioned in its longitudinal direction. 
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Figure 6-16 Shear stress-strain response where core was tensioned in its W direction. 

 

6.3.6 Flammability of Nomex honeycomb panels with natural fibre based composite skins 

Vertical Bunsen burner test V12 was conducted in accordance with FAR 25.853 (b) aviation 

standard to investigate the flammability of two types of panels with FR composite skins and EG 

composite skins as well as the Nomex honeycomb core. A Bunsen burner flame burning methane 

gas (with min 99% purity) was applied to the specimen holding vertically for 12 seconds. The 

rectangular specimens had the length and width of 305 and 75 mm, respectively. The detailed set-

up and flame height are shown in Figure 6-17. The exhaust hood installed in the chamber helps to 

clear the smoke after each experiment.  
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Figure 6-17 Detailed set-up of vertical burner test. Specimens located in a lab cabinet which has 

an exhaust hood: (a) Honeycomb core and (b) panel.  

 

The results of vertical Bunsen burner tests are shown in Table 6-3. According to FAR 25.853 

standard, all the structures were observed to meet the requirements of flammability in terms of 

flame time, drip flame time and burnt length. This is due to the presence of phenolic resin in Nomex 



                                         Chapter 6: Nomex honeycomb panels with EFB 

composite skins 

186 

 

core as well as FRs and EG particles in the composite skins. 0 s flame time and no drip time were 

found for both types of panels, and their difference in the burn length and mass loss was negligible. 

Thicker Nomex honeycomb core and composite skins are capable of producing higher flame 

resistivity due to the presence of more phenolic resin and FRs in the protective char layer. 

However, each aircraft manufacturer has its own design criteria, e.g. thickness, width and length, 

for each respective panel. 

 

Table 6-3 Vertical Bunsen burner results of different structures. 

Structures Flame 

time (s) 

Drip flame 

time (s) 

Burn length 

(mm) 

Mass loss 

(%) 

Requirement  of 

the FAR test 

Nomex honeycomb core 0 0 (No Drip) 50 3.03 Passed 

Panel with FR skins 0 0 (No Drip) ~0 0.05 Passed 

Panel with EG skins 0 0 (No Drip) 1.3 0.07 Passed 

 

The vertical and front sections of specimens after burning are illustrated in Figure 6-18. The lower 

part of Nomex honeycomb specimen exposed to flame shrunk, discolored, stained, sooted and 

warped (Figure 6-18-(a) and (e)). Phenolic resin that is present in the honeycomb produces layers 

of porous carbon to slow down the process of combustion of the material. The char formed inhibits 

the flame spread, which is why no flame time and drip flame time were reported for the Nomex 

honeycomb specimen. For panel with EG filled composite skins, the EG particles exfoliated in the 

event of fire and hindered further ignition. They formed worm like char to protect the underlying 

layers of substrate (Figure 6-18-(b) and (e)). The protection for panel with FR filled composite 

occurred with the intumescent char. The char swollen shielded the panel’s specimen from flame, 

as shown in Figure 6-18-(c) and (f). 
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Figure 6-18 Vertical section of the specimens: (a) Nomex honeycomb core, (b) panel with EG 

filled composite skins and (c) panel with FR filled composite skins. Front section of specimens: 

(d) Nomex honeycomb core, (e) panel with EG filled composite skins and (f) panel with FR filled 

composite skins. 

 

Figure 6-19-(a) illustrates the Nomex honeycomb burning and producing smoke when the flame 

was applied to the specimen. For all the honeycomb specimens, smoke produced and released 

during the first 7 s of applying the Bunsen burner flame. However, both types of panels released 

the smoke right after removing the burner from underneath the panels’ specimens (Figure 6-19-

(b) and (c)). The smoke lasted to release for about 5~6 s after withdrawing the Bunsen burner for 

both types of panels. 
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Figure 6-19 Smoke produced: (a) during the burning of Nomex honeycomb in the presence of 

Bunsen burner; and right after withdrawing the Bunsen burner from underneath (b) the EG panel’s 

specimen and (c) FR panel’s specimen. 

 

To specifically utilize the composite skins and panels made of natural fibre composites for 

partitions, ceilings (interior ceiling panels), sidewalls (interior wall panels), structural flooring, 

large cabinet walls, galley structure and materials employed in the structure of stowage panels ( 

except compartments used to stow small objects e.g. maps and magazines, and not including under-

seat stowage compartments), the vertical Bunsen burner test with the flame time of 60 s in 

accordance with FAR 25.853 (a) must be used. Therefore, Nomex honeycomb core, EG7, 
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ATH5APP10 and APP10ZB5 composites, which were of the formulations that met 12s- FAR 

25.853 (b) specifications (as discussed in chapter 4, 5 and 6), were tested. The composites were 

fabricated using the compression molding technique to be consistent in the analysis of this test. 

APP10ZB5 composite was produced similar to the fabrication of ATH5APP10 (FR) composite 

skin reinforced with 20 wt% treated EFB fibre (explained in the beginning of the current chapter). 

The EG7 formulation loaded with 7% EG was the same as EG filled composite skin. Three 

specimens from each formulation measuring 305 mm (length) × 75 mm (weight) underwent 60 s 

Bunsen burner flame and the results are tabulated in Table 6-4. 

In accordance with FAR 25.853 (a), the average flame time, drip flame time and burn length are 

required to be below 15s, 5s and 203mm. Therefore, all the composites and Nomex honeycomb 

core successfully met the specifications of vertical Bunsen burner test. Formulations, treatments, 

and optimizations of natural fibre composites can further be conducted in collaboration with an 

aircraft manufacturer until the fulfillment of all the requirements such as heat release (from OSU 

calorimeter), smoke (from NBS chamber) and required mechanical performances. Amongst 

ATH5APP10, APP10ZB5 and EG7, the latter showed a few seconds of flame time, attributed to 

the lesser quantity of FR, i.e. 7 wt% EG particles. 

Table 6-4 Vertical Bunsen burner results (60s test) of Nomex core and different optimum 

composites. 

Structures Flame time (s) Drip flame time 

(s) 

Burn length 

(mm) 

Mass loss 

(%) 

Requirement  of 

the FAR test 

Nomex honeycomb core 0 0 (No Drip) 65 3.10 Passed 

ATH5APP10 0 0 (No Drip) 15~20 0.11 Passed 

APP10ZB5 0 0 (No Drip) 25~30 0.29 Passed 

CEG7 7 0 (No Drip) 20~25 0.31 Passed 

The burned composite specimens after 60 s vertical Bunsen burner test are displayed in Figure 

6-20. The composites containing FRs promoted the intumescent char that inhibited the progression 



                                         Chapter 6: Nomex honeycomb panels with EFB 

composite skins 

190 

 

of heat and mass transfer into the bulk of substrate (Figure 6-20 (a) and (c)). For EG loaded 

formulation, the protection occurred by producing worm like expanded graphite, thereby insulating 

the fire from the underlying materials, as shown in Figure 6-20 (b).   

 

 

Figure 6-20 Different sections of the composite specimens including (a) ATH5APP10, (b) EG7 

and (c) APP10ZB5 burned by applying 60 s Bunsen burner flame vertically.  

 

For Nomex honeycomb, the smoke was only produced during the first 7 s of placing the Bunsen 

burner and no smoke was observed thereafter, due to the formation of the protective char layer by 

phenolic resin. The smoke released from the composites are shown in Figure 6-21. The specimens 

containing APP and ATH were visibly observed to produce constant amount of smoke from the 

burning zone after about 15 s exposure to the vertical Bunsen burner. The smoke continued after 
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withdrawing the burner for nearly another 12~14 s. For the composite specimens filled with APP 

and ZB, similar to APP10ATH5 specimens, the smoke was visibly observed after approximately 

17 s from positioning the Bunsen burner beneath the specimens, and the smoke sustained for 

another 17 s after removing the Bunsen burner. When the composite specimens filled with EG 

were tested, considerably smaller amount of smoke was visibly observed relative to other two FR 

filled formulations. The smoke started after approximately 25 s of applying the burner and lasted 

for about 20 s after withdrawing the Bunsen burner. 

 

 

Figure 6-21 (a) ATH5APP10 and (b) APP10ZB5 specimens produced visible smoke, (c) EG7 

specimens showed lesser smoke. 

6.3.7 SEM study 

SEM micrographs of Nomex honeycomb core and panel without top EG filled composite skin are 

shown in Figure 6-22 and Figure 6-23, respectively. The Nomex honeycomb core is made of 
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phenolic resin bonded aramid paper and has the density of 29 kg/m3. As observed in Figure 6-22-

a, the nominal cell size of honeycomb core is 3.175, which is the nominal aerospace cell size for 

hexagonal Nomex core. Figure 6-22-b shows the hexagonal Nomex honeycomb core at lower 

magnification.  

 

 

Figure 6-22 SEM images of Nomex honeycomb core. Transverse section of Nomex honeycomb 

cell at (a) 60 × and (b) 36 ×. 

 

Figure 6-23 illustrates the SEM images of Nomex honeycomb panel with bottom EG filled 

composite skin from two different cells. The top composite skin was removed after flexural test to 

scan the vertical section of panel. The ellipses drawn between the cells and bottom skin are the 

positions required to provide proper bonding between the composite skin and honeycomb core 

through epoxy adhesive. The epoxy resin only applied between the composite skin and the wall of 

the honeycomb cell. The reason is that it is desired to apply as low as plausible adhesive materials 

to keep the weight of structure very light. 
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Figure 6-23 SEM micrographs of panel with EG filled skin from two different cells. Vertical 

section of panel after removal of top skin after flexural test. 

 

6.4 Summary 

To the best of author’s knowledge, for the first time, Nomex honeycomb core panels were 

successfully fabricated with the natural fiber composite skins, and their compressive, flexural and 

shear properties were determined. It was found that Nomex honeycomb core is capable of 

enhancing the mechanical properties of the structure. For example, the bending stiffness was 

increased by about 3.25 times for the panels with the presence of honeycomb core. The 12 s vertical 

Bunsen burner tests were conducted to evaluate the requirements of aircraft interior components. 

The results showed that the panels met the FAR standard of vertical Bunsen burner test. In order 

for the composites and panels to be capable of being used for some interior aircraft parts such as 

partitions, ceilings and sidewalls, 60 s vertical Bunsen burner test was conducted for three 

composites (EG7, ATH5APP10 and APP10ZB5), and the FAR requirements were met. However, 
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it is essential to conduct Ohio State University calorimeter and National Bureau of Standards 

smoke chamber tests in order to conclude that the composite skins and panels are fully capable of 

being used in aircraft interior parts such as sidewalls, ceilings, partitions, galleys and etc. Each 

aircraft manufacturer may have its own thermal and mechanical standards as well. In the end, the 

SEM morphology of Nomex honeycomb core and panels were observed and the bonding between 

the core and skin was displayed.  

The Nomex honeycomb used in this study was an aerospace grade core which encourages the 

enhancement of the mechanical performances of component to a standard level for use in interior 

parts, and depending on each aircraft manufacturer's design and its requirements for a particular 

interior component, various types of cores that possess different thicknesses along with required 

composite skins can be chosen. Thus, it highlights the importance of collaboration with an aircraft 

manufacturer in order to formulate, optimize and design the composite skins and the usage of 

appropriate Nomex honeycomb core in accordance with the requirements of that particular 

manufacturer. 
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Chapter 7 

7. Conclusions and future work 

7.1 Principle findings 

 In the first part of the work, various compositions containing epoxy/hardener with flame 

retardants (FRs) as additives were used to produce natural fiber composite through the resin 

infusion technique. The effects of natural fiber (NF), ammonium polyphosphate (APP), 

alumina trihydrate (ATH), zinc borate (ZB), hybrids of ATH/APP, APP/ZB and ZB/ATH 

on flammability, thermal, and morphological properties of the composites were 

investigated.  

Addition of APP and ZB particles enhanced the flame resistant properties of the composite 

with a much reduced total flame time and zero drip flame time. In general, formulations 

containing only ATH could not provide the effective flame resistivity as compared to that 

of the APP and ZB-filled composites.  

Formulations with 5% ATH and 10% APP hybrid as well as ZB and APP at 5 to 10 wt% 

ratio showed the most promising flame retardancy with a self-extinguishing property, 

where 0 flame time, 0 drip time and less than 1 cm burn length were recorded. The vertical 

Bunsen burner testing requirements of aircraft interior (FAR 25.853 (b)) could be met with 

these formulations. 

From the bomb calorimetry analysis, it was observed that composite systems loaded with 

either APP and ATH or APP and ZB hybrid are capable of providing the lowest gross heat 

of combustion, with measured values less than 28 MJ/kg.  Incorporation of NF into neat 
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epoxy matrix reduced the gross heat of combustion with improved thermal degradation 

properties. As obtained from TGA results, mass residue and thermal degradation 

temperature of 15 wt% ZB loaded composite increased by 124.7% and 4.88%, respectively, 

compared to the control, which indicates the greatest values compared to other FR filled 

composites. ZB particles were more effective in enhancement of increased char residue 

and Td than other FRs.  

 The second part of study aimed to investigate the effect of chemical treatment on the 

morphological, thermal and structural properties of EFB fibers. Surface modification of 

fibers was carried out by conducting alkali treatment for the soaking period of 24 hours, 

and subsequently fibers were neutralized by rinsing with distilled water to the pH level of 

7. The fibers were then dried at 70 °C for 24 hours in an oven. To examine the physical 

and thermal properties of the fibers, Scanning Electron Microscope (SEM), Energy-

Dispersive X-ray (EDX) spectroscopy, Fourier Transformed Infrared (FTIR) spectroscopy 

and Thermogravimetric Analysis (TGA) tests were conducted. SEM micrograph showed 

that rougher and cleaner surface of treated EFB fibers were apparent relative to those of 

untreated EFB. FTIR showed the elimination of a large amount of lignin and hemicellulose 

owing to the alkaline treatment, by significantly reducing the absorbance peaks. TGA tests 

were performed and the results showed greater thermal degradation temperature compared 

to those of untreated fibers for the entire temperature increment from 30 °C to 600 °C. The 

values of onset temperature and mass residue of alkali treated fibers were higher than those 

of untreated EFB by ca. 39 °C and more than 1 wt%, respectively. 

 In the third part of work, the mechanical properties of the best formulations amongst FR 

filled composites were investigated and compared with the control. The effects of flame 
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retardants and chemical fibre treatment on tensile and flexural properties were examined. 

The addition of flame retardants to the EFB fiber reinforced composite reduced the tensile 

strength and made the composite more brittle, but enhanced the Young’s modulus. For 

flexural properties, composites containing flame retardants showed lower values of 

strength and slightly higher values of modulus than to those without FRs. The alkali 

treatment of fibers enhanced the adhesion of fibers with polymer matrix. The epoxy 

composite containing alkali treated EFB fiber without FRs possessed the best mechanical 

properties of all the formulations studied. The cross-linked network formed between the 

matrix and treated EFB fiber helped fabricate intumescent composite with greater tensile 

and flexural properties than untreated EFB fiber FR filled composite. It was observed that 

the minimum lab scale mechanical requirements as extracted from various companies were 

met with the FR filled formulations. However, each aircraft manufacturer has its own lab 

scale and advanced mechanical requirements which is required to be taken into 

consideration when dealing with a particular manufacturer. 

 In the fourth part of the research study, the effects of expandable graphite (EG) were 

studied as a flame retardant (FR) in oil palm empty fruit bunch (EFB) fiber reinforced 

composites. Increasing EG fillers in the composites significantly improved the fire 

resistivity and thermal properties, this, however, was found to reduce the mechanical 

properties. When EG particles were used as intumescent coating, at least 5 wt% content of 

EG was necessary to provide sufficient self-extinguishing properties. Chemical treatment 

of the EFB fibers could considerably enhance the tensile and flexural performances of EG 

filled composite. In summary, the flammability and lab scale mechanical properties of 

aircraft interior parts were passed with EG filled composites, but still heat release from 
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OSU calorimeter and smoke density from NBS smoke chamber tests are required to be 

measured and passed in order to claim the FAR requirements were fully met. As 

highlighted previously, other advanced mechanical and thermal tests may be required by 

each particular aerospace company as well.  

 Lastly, two types of Nomex honeycomb panels with the composite skins were successfully 

fabricated and a series of mechanical and flammability tests was conducted. It was 

observed that a Nomex honeycomb is capable of providing enhanced compressive and 

flexural properties, and a suitable choice of “aerospace grade” core with sufficient bonding 

to the skins can significantly improve the mechanical properties up to a required level 

suited for a particular component.  Importantly, it was concluded that the panels are capable 

of meeting the vertical Bunsen burner test requirements of aircraft interiors (FAR 25.853 

(b)). For several aircraft interiors such as ceilings, partitions and sidewalls, 60 s vertical 

Bunsen burner specifications must be met. In this regard, three of the optimum 

formulations were selected and tested. All the composites were capable of meeting the FAR 

25.853 (a) requirement.  

 

7.2 Limitations 

With regards to the FAR requirements focused on flammability and smoke properties of airplane 

interior components, all three tests (vertical Bunsen burner, OSU calorimeter and NBS smoke 

chamber) are required to be conducted in order to claim the composite materials or panels meet 

the criteria of FAR. However, to measure heat release from OSU calorimeter test and smoke 

density from NBS smoke chamber, we require to outsource and measure the required parameters, 

unfortunately, no company was found to have these two instruments and collaborations with 
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aircraft manufactures were not easy, and these companies were not interested to consider the 

outsourcing matter. In the future, collaboration with an aircraft manufacturer is crucial in order to 

bring a greater possibility to evaluate whether the composites fabricated in this study are capable 

of fully meeting the requirements by conducting these two tests as well as investigating probably 

other mechanical, thermal, long term reliability e.g. fatigue, chemical resistant and toxicity 

requirements suited to that particular aerospace manufacturer. In this case, it will be plausible to 

provide modification and optimization of composites through the inclusion of different weight 

fraction of FRs and EG particles, fiber mat systems, fiber treatment procedure, fabrication 

techniques, etc. in order to possibly pass the test requirements of that particular aircraft 

manufacturer. 

 

7.3 Recommendation for future work 

 The focus of aerospace manufacturers and agencies has directed to composite materials 

with easy disposal and recyclability. The principle drivers have been shifted to green 

composites. The future research and market for aircraft interiors will not only be 

honeycomb panels with natural fiber reinforced composite skins, but also polymeric matrix 

is required to be bio derived product. This type of green composites leads to promising 

benefits to the end customers, natural environment and manufacturer companies due to 

being derived from natural resources and dwindling petroleum resources. 

The chance of epoxy bio resins is much greater due to its manufacturing flexibility and 

compatibility to be utilized and incorporated with flame retardants and other fillers as well 

as acting as adhesive in honeycomb panels and also coating materials. Epoxy resins have 

been utilizing in aerospace industry owing to their potential to produce composites by 
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various fabrication techniques such as lamination, resin infusion, compression molding, 

casting, embedments, coatings, etc. Generally, NF reinforced epoxy resins provide higher 

mechanical properties over thermoplastic reinforced with NFs because of the cross-linked 

3-D structure of thermosetting resins and better compatibility (NFs and thermosets are 

highly active in spite of thermoplastics and NFs).  

 Besides, various forms of NFs long/short fiber, fibre mats, micro/nano-sized NFs can be 

developed to be introduced into bio derived epoxy resins. However, cost and time required 

for fabrication of nano/micro sized NF as well as its expected benefits are necessary to be 

taken into consideration.  Natural fiber composite skins and NF reinforced composites 

induce cheaper and remarkable weight savings than current composite skins and 

composites used in sandwich panels and parts of aircraft interiors, respectively. 
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