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ABSTRACT 
 
 

 The polymer matrix system of thermoset fiber-reinforced composites helps protect the 

high modulus and strength fibers from the adverse environment and also transfer the load to 

reinforced fibers. However, when subjected to the high temperature, that exceeds its post curing 

stage temperature, the polymeric matrix will be decomposed or charred. This can result in 

degradation or failure of the entire composite structure. Because of this drawback many 

researchers have tried with different methodologies to improve the flame retardant property for 

epoxy resin matrix by reactive and additive methods. For instance, epoxy resin was reactively 

modified by incorporating other chemicals to delay ignition or to release moisture to extinguish 

the flame. Halogenated compounds and nanoparticles have also been additively dispersed into 

epoxy resin to form ash layers during combustion to resist the flame from outspreading. With the 

same intent to enhance flame retardancy for epoxy resin matrix (protecting the matrix system and 

reinforced fibers) this research incorporates nanoparticles, including nanoclay and graphene 

oxide, into the epoxy primer as coatings on composite surfaces. Another approach was to 

secondarily bond a thin film graphene oxide onto the surface of fiber reinforced composites to 

act as a heat shield. Thermal tests, such as, Thermogravimetric Analysis, 45 degree burn tests, 

vertical burn tests and Surface Paint Adhesion tests were done in accordance to guidelines of 

FAA Regulations, ASTM, SAE, and AMS specifications. The test results revealed significant 

improvements in composite flame retardancy by incorporating graphene oxide and graphene 

oxide thin film coatings. Graphene oxide inclusion samples were less affected than nanoclay 

inclusion samples during the vertical as well as 45 degree burn tests. In addition, there were no 

signs of damage to the graphene oxide thin film that was secondarily bonded to the surface of 

composite panel from the 45 degree burn test!  
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CHAPTER 1 

INTRODUCTION 
 
 

1.1 Introduction 

When two or more materials with different properties are combined to form another 

material, mostly with better properties, it is called composite material [1]. Composite material is 

primarily composed of two main components: reinforced fibers and matrix [2]. The major role of 

reinforced fibers is carrying the loads while matrix absorbs the loads and transfers them to the 

fibers. Other roles of matrix include holding the fibers together and protecting them from 

abrasion and adverse environment. In addition, sometimes, the presence of the coupling agent 

will enhance the bonding between the fibers and the matrix [3]. Many types of reinforced fiber 

are available with different sizes and shapes such as carbon fibers, graphite fibers, glass fibers, or 

aramid (Kevlar) fibers [2], and more. These reinforced fibers can be in different forms such as 

whisker, particulate, discontinuous, or continuous (long fiber). The matrix system of fiber-

reinforced composite is also varied comprising of polymeric, metallic, ceramic, and carbon. The 

greatest advantage of composite material is it can be tailored to meet the desired strength in 

certain direction of the application. Polymer-matrix composites include thermosets and 

thermoplastics. [1-3]. 

Thermoplastics are resins in the solid form at room temperature and can be melted or 

softened physically with heat to facilitate the manufacturing step of forming new shape in the 

mold and then cooled while retaining with the desired shape. For instance, extrusion, injection 

molding, blow molding, and thermoforming are produced utilizing this behavior of thermoplastic 

resins. Some common products of thermoplastics are polyethylene, polypropylene, nylon, 

polycarbonate, polyethylene terephthalate (PET), polyvinyl chloride (PVC), acrylic, and acetal, 
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etc. Thermoplastic composite consists of the following matrix systems: polypropylene (PP), 

polysulfone, polyphenylene sulfide (PPS), poly-ether-ether-ketone (PEEK) and thermoplastic 

polyimides. Compared to thermoset polyimides and other thermoset resins, thermoplastics  offer 

ease of manufacturing and higher glass transition temperature, Tg, as well as having higher 

service temperature up to 400ºC (~ 750ºF). Interestingly, if subjected to high temperature, 

thermoplastics will melt and can be recycled. In other words, the thermoplastic process is 

reversible [1-3]. 

In contrast with thermoplastics, thermosets usually are resins in the liquid form or easy 

melted solids at room temperature. During the curing process, thermoset resin is heated up 

slowly from room temperature to a certain temperature and held at that point for certain amount 

of time for equilibrating uniform curing and chemical cross-linking reaction to occur depending 

on each different resin system. Once a thermoset matrix is cured, usually following with post 

cure, the process is irreversible. The cross-linking process is complete and forms enormous 

interconnected networks. At this stage, the resulting solid material will yield better physical and 

mechanical properties. Thermoset polymer composites, compared with commonly used metallic 

materials for strength to weight ratio, have predominant mechanical properties such as high 

specific strength, high specific modulus, good corrosion resistance, and especially light weight, 

etc. The most commonly used matrixes of thermoset polymer composite are unsaturated 

polyesters, epoxies, polyimides, and vinylesters [1]. Polyesters matrixes are a good combination 

with glass reinforced fibers which are seen in a lot of commercial products such as boats, ships, 

automotive, corrugated sheets, golf carts, and so on. Polyesters matrixes offer the ease of process 

and curing at room temperature; nevertheless, disadvantages also exist such as relatively poor 

durability, brittleness, and air pollution emissions.  Similarly, vinylesters matrix possesses many 
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similarities with unsaturated polyesters and epoxies which include fast and easy curing with 

good thermal and mechanical properties [2, 3]. 

While polyester-matrix, vinylester-matrix, and phenolic-matrix composites offer good 

mechanical and thermal properties, epoxy matrixes possess better mechanical and thermal 

properties than polyesters. Epoxies can be cured at different temperatures, from 120ºC (250ºF) to 

175ºC (350ºF), depending on the mixing with amine or anhydride curing agents. The cure 

temperature is dictated by the application it is used for. For instance, the lower temperature-

curing epoxies are used for the low or moderate temperature applications, such as sporting 

goods, while the higher temperature-curing epoxies components are used in the high-

performance applications. These are exposed to the high temperature as well as moisture 

variations such as aircraft, sporting goods and medical devices, etc. Nevertheless, higher 

performance components require using the higher temperature matrix system. These matrix 

systems tend to have higher molecular weights, and are generally more difficult to process [2, 3]. 

In other words, the more crosslinks formed during chemical reaction of curing, the more 

molecular weight it will gain [1]. This will result in more weight accumulated. However, the 

higher performance components in aircraft or automotive industries often require maximum 

mechanical properties, while minimizing weight for economic energy saving purpose. 

In fact, relatively low temperature and fire resistance are the key disadvantages of most 

of thermoset matrix composites.  As shown in TABLE 1. 1 [2], thermoset polyimides (PI) and 

bismaleimides (BMI) can offer higher service temperature for applications exceeding 300ºC 

(570ºF); however, the mechanical properties of these polymers are low and they tend to be more 

brittle at room temperature than epoxies [2]; therefore they are not applicable for high 

performance materials.   
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TABLE 1. 1 

PROPERTIES OF TYPICAL POLYMER MATRIX MATERIALS [3] 

Property 
Epoxy 
(3501-

6) 

Epoxy 
(977-

3) 

Epoxy 
(HY6010/ 
HT917/ 
DY070) 

Polyesters Vinylester Polyimides PEEK 

Density ρ 
(g/cm³) 1.27 1.28 1.17 1.1 - 1.5 1.15 1.4 - 1.9 1.32 

Young's 
modulus Em 
(GPa) 

4.3 3.7 3.4 3.2 - 3.5 3 - 4 3.1 - 4.9 3.7 

Shear modulus 
Gm (GPa) 1.60 1.37 1.26 0.7 - 2.0 1.1 - 1.5     

Poisson's ratio 
νm 0.35 0.35 0.36 0.35 0.35     

Tensile 
strength Fmt 
(MPa) 

69 90 80 40 - 90 65 - 90 70 - 120 96 

Compressive 
strength Fmc 
(Mpa) 

200 175 104 90 - 250 127     

Shear strength 
Fms (MPa) 100 52 40 45 53     

Coefficiient of 
thermal 
expansion αm 
(10-6/ºC) 

45 - 62 60 - 200 100 - 150 90   

Glass 
Transition 
Temperature 
Tg (ºC) 

200 200 152 50 - 110 - 280 - 320 143 

Maximum Use 
Temperature 
Tmax (ºC) 

150 177 - - - 300 - 370 250 

Ultimate 
Tensile 
Strength ɛmt 
(%) 

2 - 5 - - 2 - 5 1 - 5 1.5 - 3.0   

 

This major disadvantage of thermoset matrix has drawn lots of attention from numerous 

researchers. Many studies have been focused on different methods including additive flame 

retardants and reactive flame retardants to improve the service temperature as well as fire 
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retardancy. For instance, to modify the chemical structure of matrix system by introducing to 

other chemicals to generate resulting products that help retard the fire. In addition, utilizing the 

fire retardant property of certain minerals and nanoparticle such as clay, nanoclay, carbon 

nanofibers, single and multi-walled carbon nanotubes, graphene oxide, etc. by incorporating to 

the epoxy resin matrix can improve the flame retardant property. 

1.2 Motivation 

Epoxy resin has been vastly used in adhesive, laminating, coating and casting 

applications in various industries for most composite materials from non-critical load to high 

structural applications [2-11].  As mentioned above the role of epoxy matrix is to hold the fibers 

together, transfer the load, and protect them from abrasion and adverse environment. 

Nonetheless, polymers possess relatively high flammability properties. Moreover, the cured 

epoxy matrix system would be degraded and decomposed or charred if exposed to high 

temperature that is above the allowable post-curing temperature; typically between 120ºC 

(250ºF) and 175ºC (350ºF) or several degrees higher [2]. Therefore, their use is limited in the 

high temperature applications, such as, in the aft bay of the aircraft where the APU (Auxiliary 

Power Unit) is located or at the areas around the engine in automobiles, or other confined and 

temperature accumulated spaces. 

Since graphene, especially graphene oxide, has the novel characteristics of possessing 

superior mechanical property, excellent electrical conductivity and outstanding thermal 

conductivity [12-29], incorporating graphene oxide into composite may not only enhance 

mechanical and electrical properties of composites, but also improve fire retardancy [30-34]. 
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1.3 Research Objective 

After manufacturing, composite part surfaces require protection from corrosion and/or 

damage. Typically, most surfaces are coated with layers of epoxy primer and a final coat of 

polyurethane or epoxy topcoat. Due to the high thermal stability and outstanding mechanical 

properties of graphene, the objective of this research is to incorporate nanoparticles, including 

graphene oxide into epoxy primer during coating or by secondarily bonding a thin layer of 

graphene oxide film on the surface of composite, to improve thermal properties as well as 

providing thermal protection to the epoxy resin on the composite surface. This approach is taken 

instead of dispersing nanoparticles in the epoxy resin or curing agent to minimize addition of 

weight to the composite. 
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CHAPTER 2 

LITERATURE REVIEW 
 
 

2.1 Polymer Composite Applications 

Due to the excellent physical and mechanical properties of polymer composites, they 

have gradually replaced structural and non-structural metallic materials in certain applications. 

Composites today have a multitude of applications, such as, from daily household uses to public 

works and buildings, from sporting goods to medical supplies, or from research lab to military 

equipment, spaceship, marine boat, and commercial airplanes. For strength to weight ratio, 

composite materials have surpassed metals, and have been used in light to heavy duty structural 

applications. They also generally possess better physical and mechanical properties, such as, 

higher strength and stiffness, high electrical conductivity and corrosive resistance, and excellent 

fatigue. Nevertheless, only certain polymer composite can be used in high temperature 

applications. For instance, polyimides (PI) and bismaleimides (BMI) can sustain temperatures up 

to around 300 ºC. The majority of polymer matrixes can only be used for the lower-temperature 

applications not exceeding their post-curing temperature. Otherwise, the matrix may be 

degraded, decomposed or charred. 

2.2  Fire Retardant Polymer Composites 

Fire retardant or flame retardant composite materials are produced by incorporating 

chemicals or particles/nanoparticles into thermoplastics, thermosets, or coatings by reactive or 

additive methods with the purpose of inhibiting or resisting the spread of fire [35]. The reactive 

method modifies the chemical structures of the polymer matrix by interacting with other 

chemicals, such as, organohalogen compounds or organophosphorus compounds during 

synthesis. The additive method incorporates mineral fillers, organic compounds or 
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particles/nanoparticles during the transformation process to react, generally, only at high 

temperature [32, 35]. 

2.2.1 Halogenated Flame Retardants 

Halogenated flame retardants are basically chemical compounds of bonded chlorine or 

bromide with carbon [36].  Halogen elements including fluorine (F), chlorine (Cl), bromine (Br), 

and iodine (I), and astatine (At) are applicable for flame retardant purposes [2] (see Figure 2. 1). 

However, according to Laoutid et al., fluorine and iodine-based compounds do not interfere 

during polymer combustion because fluorinated compounds are mostly more thermally stable 

than majority of polymers; therefore, halogen radicals are not released to resist the flame to 

prevent polymer decomposition [32]. The theoretical concept of halogenated flame retardant is to 

combine halogens with hydrogen (H2) and hydroxide (OH), free-radicals reactively occurring 

during polymer decomposition, to form a dense gas or vapor that restrains the flame from 

spreading out [2, 8, 32]. Although halogens are helpful in flame retardancy, the resulting 

products can produce hazardous, dark and dense gases which are harmful or fatal to biological 

organisms [2, 36, 37]. 

 

Figure 2. 1. Chemical structures of PBDEs, primarily used in flame retardants [36]. 

2.2.2 Modified Polymer Matrix Flame Retardants 

Since halogens are not recommended to be used for flame retardancy due to the toxic 

post-chemically reactant product, scientists attempted to modify the chemical structure of 

matrixes for the purpose of maintaining the same mechanical properties with enhanced flame 
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retardancy. Chiang and Hu [38]  improved the thermal resistance and decomposition temperature 

with interfacial modification approach for matrix grafting modification by adding finely 

powdered magnesium hydroxide, Mg(OH)2, as a flame-retardant additive, into polypropylene 

(PP) under incremented temperatures from 190 to 220 ºC then twin-screw extruded with AAc up 

to 4 wt%. This resulted in the Mg(OH)2 decomposing at 360 ºC, which is higher than the 

decomposition temperature of regular polypropylene, plus it released H2O vapor that decreases 

the burning temperature and also diluted the flammable gases concentrations. Wu et al. modified 

the maleimide epoxy compounds by incorporating N-(4-hydroxylphenyl)maleimide (HPM) into 

diglycidyl ether of bisphenol-A (DGEBA) to obtain a higher glass transition temperatures of 179 

ºC and good thermal stability from 369 ºC to about 381 – 386 ºC. In addition, the char yields in 

the thermogravimetric analysis was high with also the high limited oxygen index (LOI) (25.5 – 

29.5) [39]. Sumner et al. prepared a thermoset network from phenolic novolacs using 

bisphthalonitrile (BPh) as curing agents. This thermoset network not only offered noticeably 

improved thermal and fire resistance characteristics, but also yielded good mechanical 

properties. For instance, 15 wt% of BPh or more, the Tgs obtained was 180 ºC and K1c was 

equivalent to 0.8 MPa m1/2 [40]. Similarly, at 15 wt% of ammonium polyphosphate (APP), and 

layered double hydroxide (LDH) of the polyvinyl alcohol (PVA) flame retardant system, the 

results showed the LOI test value up to 33 and passing UL-94 V-0 rating. In addition, the 

presence of LDH in the composite enhanced the tensile strength and Young’s modulus as well as 

elongation at break [41]. 

2.2.3 Phosphorus-contained flame retardants 

2.2.3.1 Phosphorus 
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Phosphorus, a member of the nitrogen family, is the fifteenth chemical element in group 

15 on the Periodic Table. Phosphorus is an essential part of our life. It appears in biological 

molecules of ATP, ADP, RNA, and DNA. The two most common allotropes of phosphorus are 

white phosphorus and red phosphorus. In addition, other allotropes of phosphorus also exist, 

such as, violet phosphorus and black phosphorus (see Figure 2. 2. c & d).  While tetrahedral 

structure white phosphorus (P4) is unstable, toxic and highly flammable; it can be self-ignited or 

combusted when contacting with air. By exposing white phosphorus to direct sunlight or heating 

to 250 ºC (482 ºF), red phosphorus will be formed.  Due to its polymeric structure, red 

phosphorus is more stable than white phosphorus; i.e. tetrahedrons connect with each other by P-

P bond would form a chain-like network (see Figure 2. 2(b)). If red phosphorus is annealed for a 

certain time and above 550 ºC, red phosphorus will become violet phosphorus. The least reactive 

phosphorus is black phosphorus. It has stable thermodynamic properties at below 550 ºC. The 

chemical structure consists of atoms linking together in a puckered sheet, similar to the chemical 

structure of graphite (see Figure 2. 2(d)) [42, 43].  

      

 
Figure 2. 2. Chemical structure of (a) white phosphorus,(b) red phosphorus, (c) violet 

phosphorus, and (d) black phosphorus [43]. 
 

Although phosphorus is a toxic chemical that is reactive and combustible in air, many 

researches attributed that it is useful for flame retardancy due to the production of char generated 

when material is under degradation, thereby preventing heat transfer. The layers of char help 

resist the fire from spreading. Numerous experiments have been established by incorporating 

(a) (b) (c) (d) 
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phosphorus into either epoxy resin or curing agents [4-11, 44, 45] in order to improve the flame 

retardant properties while maintaining mechanical properties.  

2.2.3.2 Phosphorus-containing Flame Retardants 

In the late of twentieth century, Ying-Ling Liu and his co-authors synthesized 

phosphorylated epoxy resin with phosphorus content higher than 10% by curing the two 

phosphorus-containing diamine compounds, bis(4-aminophenoxy)-phenyl phosphine oxide 

(BAPP) and bis(3-aminophenyl)phenyl phosphine oxide (BAPPO), as curing agents with epoxy 

resins, Epon 828 and Eponex 1510, respectively. The value of Limitted Oxygen Index (LOI) 

obtained was extremely high as much as 51. In addition, 45% char was formed during 

Thermogravimetric test (TGA) which would restrain the flame from impinging or spreading out 

[11]. Later, Liu synthesized phosphorus-containing novolac (DOPO-PN) curing agents, 9,10-

dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) and 4-hydroxyl benzoaldehyde, to 

cure with o-cresol novolac epoxy-based resins (CNE200). Liu claimed that the LOI values of the 

epoxy resins was proportional with the phosphorus content of epoxy resins. For instance, at 2 

wt% of phosphorus content, the value of LOI was 26. The glass transition temperature, Tg, was 

measured above 160 ºC, while high char yield contributed to tremendously high thermal stability 

above 300 ºC [5]. A separate experiment by Ru-Jong Jeng et al. yielded high char at 850 ºC and 

LOI values up to 31 by incorporating phosphorus containing poly(alkylene) amines with and 

without aromatic groups as curing agent into diglycidyl ether of bisphenol A (DGEBA) [6]. 

Another method to enhance flame retardancy was investigated by combining phosphorus and 

silicon with epoxy bisphenol A and cured with diaminodiphenylmethane. The char was also 

formed at 700 ºC with a high LOI at value of 42.5, and thermal stability above 320 ºC [7, 44]. 

Weichang Liu et al. also used phosphorus-containing amine, bis(4-aminophenoxy)phenyl 
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phosphine oxide (BAPP) with and without the combination of diethyltoluenediamine (DETDA), 

as a curing agent to cure with three different commercial epoxy resins; diglycidyl ether of 

bisphenol A (DGEBA), triglycidyl p-amino phenol (TGAP), and tetraglycidyl 

dimethylenedianiline (TGDDM). 31% of char was yielded at 700 ºC for most of products. Liu 

also revealed in his experiments that the proportion  of phosphorus content would slightly affect 

the decrease in glass transition temperature. However, there was no significant effects on 

mechanical and physical properties [4, 8]. Recently, Meenakshi et al. had incorporated nanoclay 

and polyhedral oligomeric silsesquioxanes (POSS) amine into epoxy resin, and cured with 

diaminodiphenylmethane (DDM) and bis(3-aminophenyl)phenylphosphine oxide (BAPPO). 

Meenakshi claimed increases in tensile and flexural strength as well as tensile and flexural 

modulus, improved thermal property with self extinguishing properties due to high char yield up 

to 57% and high LOI value as up to 43 [9]. 

2.2.4 Clay/Nanoclay Inclusion Fire Retardants 

2.2.4.1 Clay/Nanoclay 

Clay is a general term for many different clay groups. These include kaolinite, 

montmorillonite with bentonite, illite, and chlorite (see Figure 2. 3). When mixed with water 

clays behave as a high plasticity material; however, clays become firm and hard when subjected 

to the high temperature. In other words, clay transforms physically into a ceramic material if 

exposed to extremely high heat. Moreover, clay has less adverse effects on human beings or the 

environment when degraded during burn test [46-48]. Based on these properties, many 

researchers have applied clay in composites as surface coating to enhance surface protection, 

such as increasing hardness, chemical resistance and adhesion, as well as flame retardancy while 

maintaining or improving the mechanical properties [47, 49-66]. 
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Figure 2. 3. Chemical structure of clay groups: (from left to right) Kaolinite, Montmorillonite, 
Illite, and Chlorites [67]. 

2.2.4.2 Clay Inclusion Fire Retardants 

Polyamide is a polymer that contains monomers of amides bonded together by peptide 

bonds. This gives polyamide excelent mechanical properties, including durability and high 

strength. Materials made from polyamide include natural materials, such as, wool and silk, or 

artificial ones like nylons, aramids, and sodium(aspartate) [68]. Utilizing the physical property of 

clay for high temperature resistance, and the mechanical property of polyamide, Gilman and 

Kashiwagi with co-authors combined polyamide 6 (PA6) with clay to form nanocomposites, and 

obtained flame retardant results. With 5 wt% of clay inclusion, the Peak Heat Release Rate 

(PHRR) reduced by 63 %. In addition, the presence of clay did not degrade the composites but 

instead, improved the mechanical property. Multilayers of char built up during the combustions 

were discovered but no increase in carbon monoxide production was found [64, 65]. Zhang et al. 

also achieved a good result via modifying the flammability property of polyamide 6/clay 

composite by replacing polypropylene for polyamide, and adding another flame retardant, 

ammonium polyphosphate, for char-former purpose [57]. A similar combination was carried out 

by Qin et al. but with montmorrilonite (MMT), a different form in clay groups. Qin claimed that 

the decomposition temperature of polypropylene matrix was increased considerably with the 
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presence of MMT as well as the reduction of the PHHR during combustion test. In addition, a 

“ceramic-like” layer of compact char was formed on the surface of composites resulting better 

barrier properties in flame retardancy [59]. 

2.2.4.3 Nanoclay Inclusion Fire Retardants 

The dispersion of nanoclays (NCs) in Polyamide 11 (PA11) and Polyamide 12 (PA12) by 

melt-blended method was performed by Lao et al. using twin-screw extrusion. In addition, 

carbon nanofibers (CNFs) and nanosilicas (NSs) were individually incorporated with PA11 and 

PA12. An intumescent, known as flame-retardant (FR) additive, was added into the above 

composites with the purpose of creating char, a thermal insulation barrier in between the burning 

area and the unburned area to enhance the thermal and flammability properties. The NC 

dispersed in the PA12 enhanced thermal stability with the formation of char on the surface. The 

Peak Heat Release Rate (PHHR) also decreased in all of PA11 samples, excepte for nanosilica 

[49]. The tensile strength and modulus were also increased but the elongation abruptly reduced at 

fracture. Lao concluded that the flame retardant additives was the factor that affected the 

properties of PA11 [50]. However, when nanoparticles (NPs) were included, they would interact 

with flame retardant additives to increase the decomposition temperature of composites 

compared to those without NP [51]. 

2.2.4.4 Intumescent with Clay/Nanoclay Inclusion Fire Retardants 

Spreading of flame may be restrained by releasing vapor or dense gas during combustion, 

or by creating a barrier as a thermal insulation between the burning and unburned areas. 

Intumescent additive is the best candidate as a barrier. The role of intumescent additive is to 

form char from polymer during combustion to slow the heat transfer from flame to the unburned 

fuel. This approach has also drawn much attention from researchers [52, 53, 69]. 
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2.2.4.5 Nanoclay Coatings/Layers Flame Retardants 

Nanoclay dispersed in polymer is another method to enhance flame retardancy. The 

nanoclay interacts with burned polymer and forms layer(s) of “ceramic like” char on the surface 

that helps resist the flame from penetrating or spreading out, thus slowing the heat transfer 

through the material [47, 56, 70-72]. Song et al., based on the property of urethane—

thermosetting polymers do not melt when subjected to heat—and mixed 5 wt% of organoclay 

(OMT) and 6 wt% of powder of melamine polyphosphate (MPP) into polyurethane and obtained 

improvements in Thermogravimetric Analysis (TGA). The mechanical properties increased more 

than 134%, high Limited Oxygen Index (LOI) of 27.5 value with 9.47 wt% of char yielded, low 

Heat Release Rate (HRR) of 243 kW/m2 as well as mass loss rate of 0.14 g/s m2 compared with 

pure polyurethane [56]. Another similar experiment was carried out with 5% loading of 

organoclay (MMT30B) in ethylene-co-vinyl acetate (EVA) using melt flowing method. This also 

yielded good results, when compared with its pure material with zero percent nanoparticle 

inclusion, and 70 – 80% of heat release reduced, with less mass loss rate and amounts of carbon 

monoxide (0.0445 kg/kg) and carbon dioxide (2.974 kg/kg) [71]. 

Recently, due to the novel physical and mechanical properties of carbon, many studies 

for flame retardancy have tended to apply various forms of carbon into polymer composites, and 

achieved numerous of successful results [15, 30-34, 54, 61, 63, 73-85]. Forms of carbon utilized 

include powder, nanoplatelet, fiber, film or sheet, such as, carbon nanofibers, carbon nanotubes, 

and graphene. 

2.3 Carbon Element and Its Allotropes 

- Graphite 
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Carbon atoms exist everywhere on earth. Pure carbon possesses three crystalline forms; 

i.e. diamond, graphite, and fullerene. Diamond is well known as one of the hardest materials 

while graphite is known as one of the softest [86] and is used in pencils. Similar to diamond, 

which has a strong covalent bond of carbon-carbon, graphite has layers with planar structure (see 

Figure 2. 4. c). Carbon atoms are arranged as a honeycomb lattice with van der Waals force 

holding the layers together [87]. This force causes the softness of graphite. 

  

Figure 2. 4. Graphene in (a) 0-D as fullerene, (b) 1-D as nanotube(s), or (c) 3-D as graphite [88], 
and (d) graphene hexagonal pattern layer [89] 

- Graphene 

Graphene, a mono layer of graphite, therefore also has carbon atoms arranged as 

hexagonal pattern with sp2-hybridized bonds (see Figure 2. 4. d). Due to its carbon structure, 

graphene possesses more contact surface area than its other carbon allotropes. Graphene offers 

excellent physical as well as mechanical properties including thermal and electrical 

conductivities, high strength and stiffness, etc. [88, 90]. Nevertheless, the combination of higher 

contact surface area with the van der Waals force that interacts between layers of graphene 

which causes aggregation when dispersing graphene in other liquid substance such as epoxy 

(d) 
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resin. Therefore, chemically modifying the surface of graphene will enhance the covalent bonds 

to improve dispersion [91-96]. 

- Carbon Nanofibers 

Carbon nanofibers (CNFs) also known as vapor grown carbon fibers (VGCFs) and vapor 

grown carbon nanofibers (VGCNFs) are an intermediate form between fullerenes and single or 

multiwall carbon nanotubes at various diameters. CNFs have cylindrical nanostructures and 

arrange with graphene layers in stacked cones, cups or plates. CNFs have drawn considerable 

attentions from researchers for their excellent physical and mechanical properties [73, 97-99]. 

- Fullerene (Bucky Ball) or C60 

A graphene layer rolled into spherical shape turns into a fullerene (see Figure 2. 4. a); 

thus it possesses a similar structure to graphite with linked hexagonal rings, and possibly 

containing pentagonal rings, and sometimes with hexagonal rings [100]. 

- Carbon Nanotubes 

Japanese scientist Sumio Iijima discovered multi-walled carbon nanotubes in 1991, and 

have become recognized worldwide for its tremendous physical properties [101-103]. The 

structure of single wall carbon nanotube (SWCNT) can be conceptually imagined as a single 

layer of graphene rolled into a tube to form carbon nanotube (see Figure 2. 4. b) [104] whereas 

the multi-walled carbon nanotubes (MWCNT) consist of multiple layers of concentrically rolled 

graphene (see Figure 2. 5) that hold themselves by van der Waals force. The two directions of 

nanotube will be rolled differently depending on the number of unit vectors (n, m) of. For 

instance, if m = n, the arrangement of rolling is known as armchair while it is described as zigzag 

if m = 0; all others are known as chiral nanotubes. 
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Figure 2. 5. (left) Single wall carbon nanotube and multi-walled carbon nanotubes [105], (right) 
Types of carbon nanotubes [104]. 

2.3.1 Carbon Nanofibers Inclusion Flame Retardants 

Zhao and Gou discovered an improved use for a 0.23 mm (~ .009 in) thick vapor-grown 

carbon nanofiber sheet bonded to glass fiber mats using Resin Transfer Molding (RTM) method 

by injecting polyester resin into manufacture laminated composite. Due to the formation of the 

charred layer on the surface during combustion the Heat Release Rate (HRR) decreased with 

only 3 – 8% weight loss at combustion temperature, compared to glass fiber reinforced 

composite [74]. Koo et al. synthesized carbon nanofibers (CNFs) and nanoclay (NC) with 

thermoplastic polyurethane using twin screw method and compared CNF composite with NC 

composite on the thermal test results. Koo claimed the char layer formed as a thermal barrier at 

10 wt% of CNFs composite and 5 wt% of NC composite yielding better results than either lower 

or higher than these ratios [73]. In another experiment similar to Zhao’s, 0.25 mm thick (~ .010 

in) Carbon Nanofiber Sheet (CNFS) were set on top of glass fiber and polyester resin injected by 
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vacuum-assisted resin transfer molding (VARTM) to create laminated composite, Gou and co-

authors also achieved the low HRR and moderate time to ignition. The weight loss after cone 

calorimeter test for CNFS/glass fiber/polyester resin was about 41% with the thickness of char 

formed on the surface increasing about 2.8 times [75]. Tang et al. incorporated clay, polyhedral 

silsesquioxane (POSS), and ammonium polyphosphate (APP) onto the surface of carbon 

nanofiber sheet, and then performed thermal tests. Tang claimed that using a low loading amount 

of clay in CNF/APP laminated composite, a significant drop of PHHR occurred with a 

continuous char layer, and without cracks forming on the surface [63]. 

2.3.2 Carbon Nanotubes Inclusion Flame Retardants 

Kashiwagi et al. reported a result of melt blended multi-walled nanotubes (MWNTs) into 

polypropylene (PP) for thermal analysis such as thermogravimetric (TGA), and cone calorimeter.  

MWNTs at 2-4 wt% enhanced the thermal stability of PP in the air as well as in nitrogen burn 

conditions, and reduced heat release rate (HRR) when compared with the sample without 

incorporating MWNTs [76]. Schartel et al. performed thermal tests on samples produced by 

adding 5 wt% of MWNTs into polyamide 6 (PA6). They noticed the increase of melt viscosity of 

PA6/MWNT composite and the interconnected network structure remained unharmed [77]. Gao 

and co-authors compared the samples of multi-walled carbon nanotubes incorporated into 

ethylene vinyl acetate copolymer (EVA) with and without the loading of clay and the samples of 

clay/EVA composite. Gao noticed the char layer that formed on the surface of MWNT/EVA 

composite sample had cracks that would help block volatile gas as well as resist the flame to 

enhance the flame retardancy [61]. Cipiriano et al. revealed the reduction of mass loss rate 

depended on the ratio of particles when they performed the experiments on two different ratio 

lengths to outer diameter of MWNTs merged into polystyrene via twin-screw extruder. Cipiriano 
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claimed that the addition of MWNTs from 2 wt% to 4 wt% at large aspect ratios would reduce 

significantly the flammability of polymers by the formation of solid-like network structure [78]. 

2.3.3 Graphene Inclusion Flame Retardants 

Wang et al. added graphene oxide into epoxy resin to manufacture nanocomposites. The 

samples were then introduced to the thermal tests. Positive flame retardant results were 

discovered. When compared with neat epoxy the inclusion of only 1 wt% of graphene oxide the 

time to ignition was delayed with lower heat release rate (HRR) [31]. Guo and co-authors 

incorporated graphene, graphite oxide (GO) and organic phosphate functionalized graphite oxide 

(FGO) into epoxy resin to prepare composites. After thermal analysis, at 5 wt% of each sample 

the epoxy resin/graphene composite and epoxy resin/FGO composite showed better results with 

23.7% and 43.9% in peak heat release rate (PHHR), respectively,  compared with neat epoxy 

resin composite [30]. 
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CHAPTER 3 

EXPERIMENTAL AND METHODOLOGY 
 
 
3.1 Materials 

- MTM®45-1 PW Prepreg 

 MTM®45-1 3K CF0525 (AS4) 36% plain weave prepreg (pre-impregnated) is polymer 

reinforced composite material used in this research. This material was generously provided by 

Advanced Composites Group (ACG) through the sales office in Wichita, Kansas. MTM®45-1 is 

.0072 - .0087” thick, and is an out of autoclave material. This means the material can be cured in 

the oven with vacuum bag pressure only, thus eliminating the need for positive pressure. The 

MTM®45-1 was tested by ACG and known for its high performance, flexible curing temperature, 

and toughened epoxy matrix system for optimum low pressure curing. This roll of prepreg 

composite material for this research was damaged as noted in the shipping documents. 

- Graphene 

The N006-010-P graphene was from standard stock, and purchased from Angstron 

Materials, Inc., Dayton, Ohio. The graphene used was in powder form, greyish black in color, 

with an average carbon content of 97 %, and thickness measuring from 10 to 20 nanometers. The 

physical average X-Y dimensions are approximately equal to 14 micrometers with moisture 

content and specific surface area about 1.2% and 110 m2/gm, respectively. 

- Nanoclay 

Nanoclay (Cloisite 30B) was generously provided by Southern Clay Products, Inc., 

Gonzales, Texas for research purpose. Nanoclay used was in powder form, off-white color in 

color, and typical dry particle size with moisture content less than 10 micrometers and 3%, 

respectively. 
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- Acids, KOH, Acetone 

Nitric acid (HNO3) A200S-212, Sulfuric acid (H2SO4) A300S-212, Potassium Hydroxide 

1N Solution (KOH) SP208-500 and Acetone A949-4 were purchased from Fisher Scientific Inc., 

Pittsburgh, Philadelphia.  

- Epoxy Primer 

Epoxy Primer Alumigrip® 10P30-8 Sanding Surfacer component A & EC-284 Curing 

Solution component B were purchased from Akzo Nobel Coatings Inc. in Wichita, Kansas for 

aerospace use with mixing ratio of 4:1, or 4 part of component A to 1 part of component B by 

volume per manufacturer’s recommendation. Both A and B components have a shelf life of 2 

years (if stored at room temperature), with a manufacturing date of 08/12. Epoxy primer 

component A is off white liquid in color, with a ketone odor. Curing solution component B is an 

amber liquid in color, with an amine odor. Both are rated as class IB for flammable liquid, and 

should be kept away from any heat source. 

- Film Adhesives 

Hysol® EA9658 film adhesive generously provided by Associate Industries, Inc. as a 

trial sample. Hysol® EA9658 is a high service temperature film adhesive that can be cured in 

oven at 350 °F using typical vacuum bag pressure only. 

3.2 Methodology  

3.2.1 Preparing Laminated Composite Panels and Test Strips 

Prepreg laminated composite panels were laid up using 8 plies 24” x 28” that resulted in 

an average thickness of ~.062—using normal vacuum bag (see Figure 3. 1. a – j and Figure 3. 2). 

A post cure was done at 356 ºF for two hours to maximize physical and mechanical properties. 

The large panels were then machined to the specified test specimen sizes; 10” x 10” (6 specimen 
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panels) and 2.25” x 12” (18 specimen coupons). The layup procedure and curing process are 

shown in Figure 3. 1 and Figure 3. 2, respectively. C-scan nondestructive tests (NDT) were 

carried out to ensure the panels were free of defects such as, porosity, dry resin areas, or 

delaminations, etc. (see Figure 3. 1. k).  

       
 

   
  

   

 
(g) (i) 

(a) (b) (c) 
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Mold Sealer and Release Agents Aluminum Mold 

MTM45-1 PW Vacuum Bag Procedure Pressure Gauge 

Recommended Vacuum Bag Test Panels & Coupons 
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Figure 3. 1. Lay-up and bagging process for laminated composite panel: (a) mold sealer, (b) 

mold release agent, (c) aluminum mold, (d) prepreg materials, (e) bagging, (f) negative pressure 
gauge, (g) recommended bagging arrangement [106], (h) 10 in x 10 in specimen panel, (i) 2.25 in 

(j) 

(k) 

Oven 

C-scanned images of 6 test panels 
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x 12 in specimen strips, and (j) industrial oven used in this research to cure laminated panels, and 
(k) C-scan images of 6 laminated panels. 

 

 

Figure 3. 2. Curing chart of MTM45-1 prepreg composite panels. 

3.2.2 Graphene Oxide and Graphene Oxide Thin Film 

3.2.2.1 Graphene Oxide 

Nitric acid (HNO3) and sulfuric acid (H2SO4) were carefully mixed in the fume hood with 

3:1 volumetric ratio (3 parts of HNO3 to 1 part of H2SO4) in the 1000 ml flask that already 

contained 2 grams of pristine graphene (see Figure 3. 3. a). Small amount of potassium 

hydroxide (KOH) was slowly poured into the mixture. The flask of mixture was then stirred on 

the hot plate from 450 to 500 rpm for 96 hours (see Figure 3. 3.e). Neutralization was followed 

afterward using deionized (DI) water to rinse off the entire acid content in the solution, and 

obtain the ideal average neutralized pH level of 6.7 – 7.0. The neutralization step was carefully 

done by filtering the acidic solution through a microfiber filter in a 3-inch china funnel setting on 

the vacuumed flask (see Figure 3. 3.h) several times until the appropriate pH level was reached. 

In other words, the solution was changed from acidic level to neutral level. 
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Figure 3. 3. Oxidizing graphene process: (a) weighing pristine graphene in the 1000 ml flask, (b) 
(c) & (d) carefully adding H2SO4, HNO3 & KOH, respectively, (e) Stirring for 96 hours, (f) 

neutralizing step, (g) & (h) china funnel, (i) pH test strip including pH level chart. 

(b) (a) (c) 

(d) (e) (f) 
 

(g) (h) (i) 

Graphene H2SO4 HNO3 

KOH Stirring Neutralization 

China Funnel Filtering pH Test Strips 
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At this specific step in the process, the graphene oxide was ready for manufacturing a thin 

graphene film. Nevertheless, to add graphene oxide into the primer, the DI water must be 

eliminated completely. To do this, two different methods could be utilized; 1) air dry or baking 

in the oven to evaporate the DI water, or 2) disperse in the acetone filtering several times until 

the DI water disappears. This particular research utilized the latter approach, because graphene 

oxide dried under vacuumed pressure will be packed, and will cause the major agglomeration 

when dispersing in the primer that is already high in viscosity. Moreover, in the second approach 

the graphene oxide dispersed in the acetone will be the first step in preparing the graphene oxide 

primer samples; this was both useful and saved time. 

3.2.2.2 Graphene Oxide Thin Film 

As mentioned in the previous section, when the neutralization step was completed, the 

solution was slowly poured into the 10” x 7” plastic funnel setting on the vacuumed flask (as 

shown in Figure 3. 4. e) with the vacuum pressure slightly turned on. The wet graphene thin film 

was air dried for 24 hours before placing in the oven for another 24 hours at 50 ºC. The graphene 

oxide thin film was rolled to increase the bonding strength and peeled off very slowly and gently 

(see Figure 3. 4. i). 

       
(b) (a) (c) 

Neutralization Solution Rectangular Funnel Microfiber Filter 
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Figure 3. 4. Process of making graphene oxide thin film: (a) neutralized graphene oxide solution, 
(b) & (c) rectangular funnel with filter paper, (d) & (e) solution poured under vacuumed 

condition, (f) & (g) transferring graphene thin film to oven, (h) & (i) rolling and carefully peel 
off the graphene oxide thin film. 

3.2.3 Bonding GTF on the Composite Surface 

Bonding the graphene oxide thin film on the composite surface for 45 degree burn test is 

one of the configurations of this research. The inside mold line (IML) surface was carefully 

roughened up with 180 grit sand paper to remove the release agent that may have remained when 

manufacturing the panels. Graphene oxide thin film was secondarily bonded to the surface using 

(d) (e) (f) 

(g) (h) (i) 

Pouring Filtering Removing GTF 

Oven Rolling Peeling 
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high service temperature film adhesive and vacuum bagged. The procedure and curing process 

are shown in Figure 3. 5 and Figure 3. 6. 

     

     

 

(b) (a) (c) 

(d) (e) (f) 

(g) 

Aluminum Mold Test Panel Vacuuming 

Oven GTF bonded on composite 
surface 

Pressure Gauge 

Lay-up schematic 
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Figure 3. 5. From (a) through (f): process of secondary bonding of graphene oxide thin film on 
composite surface, (g) layup sequence of GTF, (h) C-scan image of bonded GTF on the panel 

surface. 

 

(h) 

Note: 
- The blue rectangular 
border is the bonded GTF. 
- The red border areas are 
caused by the crease/voids 
of the “melted” film 
adhesive during layup. 

C-scanned Image of bonded GTF panel 
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Figure 3. 6. Curing chart of graphene oxide thin film secondary bonding on composite surface. 

3.2.4 Preparing the Primer Samples 

Three different ratios of samples were included in this research: 

1) 0 wt% (zero nanoparticle inclusion in the primer) 

2) 2.5 wt% and 5 wt% nanoclay samples 

3) 2.5 wt% and 5 wt% graphene oxide samples 

The control sample was simply a mixture of component A and component B without 

nanoparticles included. However, the nanoclay samples, as well as graphene oxide sample, 

required fewer steps to prepare. Nanoclay was used as received while graphene oxide went 

through the functionalization process. The nanoclay and graphene oxide were weighed separately 

depending on the calculated ratio in the 300 ml beakers. Calculated ratio of epoxy primer 

component A was then added to the weighed nanoclay or graphene oxide with an appropriate 

weighed amount of acetone to reduce the viscosity for dispersing purpose. 
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Figure 3. 7. (a) and (b) different ratios of samples were covered during stirring to prevent the 
acetone evaporation, (c) and (d) wax paper was removed with a certain time before adding 

component B. 

The marked percentages of different ratio beakers were covered with wax paper to reduce the 

evaporation (see Figure 3. 7. a & b) and stirred about 350 rpm with 3-inch magnetic bars on the 

hot plate at room temperature for 24 hours. When it was ready for coating, the wax paper was 

removed and stirred continuously to gradually reduce the weighed amount of acetone, and to 

maintain the initial calculated ratio (see Figure 3. 7. c). The component B, curing solution, was 

weighed and slowly added to the beaker. At this stage, according to the manufacturer’s 

requirements the solution was stirred in only one direction, with absolutely no reversal of 

direction. Due to the limited pot life, the solution must be used within four hours to maintain the 

quality of product. 

3.2.5 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) is used to measure weight changes of a substance as a 

function of time or increasing/decreasing temperature when it is either heated or cooled. It is 

used to determine the weight loss and thermal stability. These changes are captured during 

constant heating rate increases, or can be measured as a function of time when temperatures are 

held constant and/or constant mass loss. For instance, consider substances such as polymeric 

materials. These are materials such as, thermoplastics, thermosets, composites, coatings, and 

(b) 
Ad

(c) 
Ad

(a) 
Ad

(d) 
Ad

Covered during stirring to prevent 
evaporation 

Uncovered to gradually evaporate 
acetone 
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paints. When exposed to increasing temperature at constant heating rate, materials will be 

physically and chemically changed and weight loss by evaporation, decomposition and or 

degradation will occur. Weight loss or weight loss percentage and temperature (or time) are 

plotted on the y-axis and x-axis, respectively [107, 108]. Two typical shapes of TGA are a 

smooth curve and a multi-step curve as shown in Figure 3. 8. The prepared samples of 0 wt% 

nanoparticle inclusion, 2.5 wt% and 5 wt% of nanoclay and graphene inclusion, respectively, are 

shown in Figure 3. 9. (left). These samples then had thermogravimetric analysis test by TA TGA 

Q500 in Nitrogen condition starting from 100 ºC to 1000 ºC at 10 ºC/min (see Figure 3. 9. right). 

      

Figure 3. 8. Smooth curve of weight percent loss (left) vs. a step-down curve (right) [108]. 
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Figure 3. 9. Primer with and without nanoparticle inclusion (left), TA Q500 TGA equipment 
(right) [109]. 

3.2.6 Coatings 

The subsequent steps to prepare the composite surface for primer and top coat were in 

accordance with the SAE ARP4916 (Society of Aerospace Engineer Aerospace Recommended 

Practice) and AMS 3095 (Aerospace Material Specification) specification. The surfaces of 

laminated panels and test strips were slightly sanded to remove the gloss with 180 grit and 240 

grit sand paper, and solvent wiped clean using acetone, to enhance primer adhesion. Sanding was 

kept to a minimum to prevent damaging the fibers, and packaged to ensure dust free conditions, 

and to prevent contamination. If the panels or test strips were not primed within four hours the 

surfaces must be re-cleaned with solvent. 

Primer components A and B were thoroughly mixed, and the surfaces were coated evenly 

with a very fine brush and dried in the oven at 120 ºF for at least 8 hours or 24 hour air dry in the 

clean room. After the primed samples were thoroughly cured and taken out of the oven, the 

Different ratios of nanoparticle samples 

TGA Equipment 
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surfaces were then again gently sanded with 240 grit sandpaper to control the primed surface, 

and slowly reduced to .0020” to .0023” thick coats. 

     

 

     

 
Figure 3. 10. Nanoparticle inclusion panels from (a) through (e) before sprayed as follows: 0 

wt%, 2.5 wt% nanoclay, 5 wt% nanoclay, 2.5 wt% graphene, 5 wt% graphene, respectively. (f) 
graphene oxide thin film ready for spray coating. 

The surfaces were cleaned once more with solvent before spraying with a HVLP (High Volume 

– Low Pressure) spray gun. One light sprayed coat of primer would put deposit approximately 

from .0009 inch to .0012 inch on the samples’ surface. The total thickness of primer after two 

light coats was measured from .0030” to .0033”. The oven was once again used to bake the 

sprayed samples for another eight hours at 120 ºF. 

(e) 

(a) (b) (c) 

(d) (f) 

10P30-8 Epoxy Primer  2.5 wt% Nanoclay 5 wt% Nanoclay 

2.5 wt% Graphene 5 wt% Graphene Bonded GTF 
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Figure 3. 11. Nanoparticle inclusion test strips from (a) through (f): bare composite material, 0 
wt%, 2.5 wt% nanoclay, 5 wt% nanoclay, 2.5 wt% graphene, 5 wt% graphene, respectively. 

 

The entire priming and sanding processes were controlled by the following flow chart: 

(a) (b) (c) 

(d) (e) (f) 
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Figure 3. 12. Process of preparing composite surface for spraying. 

 
3.2.7 Paint Adhesion Test 

After the specimens were thoroughly dried in the oven, the paint adhesion test was 

carried out in accordance with American Society for Testing and Materials (ASTM) D3330 by 

scribing two deep lines on the painted surface then applying the pressure tape on the scribed 
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lines. A specific roller weighing 4.5 +/- 0.1 lb. was used to roll on the pressure tape lines several 

times. The two lines of pressure tape were then continuously and firmly pulled at 45 degree 

angle to the surface. The inspection at the scribed lines was performed to ensure no paint, chips 

or exfoliation was removed by the tape. 

   

                        

   

 
Figure 3. 13. (a) 4.5 lb. roller, (b) scribed lines covered with pressure tape (3M 250 Scotch 

Flatback Masking tape), (c) and (d) rolling and pulling at 45 degree angle. 
 

3.2.8 Vertical and 45 Degree Burn Tests 

On the aircraft either during flight or on the ground, the most important area of the 

aircraft to be protected from fire is cabin and cockpit. According to Federal Aviation 

Administration (FAA)’s regulation Title 14 CFR (Code of Federal Regulations) Part 25, all 

finished parts or decorative surface applied to the materials must meet the applicable test criteria. 

(a) (b) 

(c) (d) 

Roller 

Tape on 2 scribed lines 

Roll at 45
0
 angle  Pull firmly at 45

 0
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These include; vertical burn tests, horizontal burn tests, 45 degree burn tests, and sixty degree 

burn tests. The proximity in the aircraft, and type of material dictate what tests are required 

[110]. 

3.2.8.1 Introduction to Bunsen Burner and Burn Chamber 

Bunsen burners and Tirrill burners are used in most laboratories for heating, combustion 

or sterilization. In the aircraft industry the Bunsen burner is widely used in burn test labs for 

burning aerospace parts and samples in accordance with FAA Regulations. The nominal size 

tube for the Bunsen burner is 3/8-inch I.D. (inner diameter). It is connected to the supplied 

fuel—most generally propane gas with 2 ½ +/- ¼ psi between the supply source and the burner—

designed to be mixed with air with the flow rate is controlled by a knob (see Figure 3. 14.a). The 

flame can be adjusted to the required length of 1 ½ inches. The minimum required temperature 

must be 1550 ºF, and measured by a calibrated thermocouple pyrometer at the hottest part of the 

flame. 

                              

 

Figure 3. 14. (a) Bunsen burner, (b) Flame temperature distribution, (c) comparison between 
Bunsen burner flame and candle flame [111]. 

(b) (a) (c) 
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3.2.8.2 Forty Five Degree and Vertical Burn Test Requirements 

For the 45 degree burn test, the specimen must be placed at a 45 degree angle to the 

horizontal surface. The testing surface must face down so the center will contact at least one-

third of the flame for thirty seconds. The flame is then removed. In order to pass the 45 degree 

burn test, the following conditions must be met: (a) the material should not be burned through 

during combustion or after the flame is removed; (b) the average flame time after its removal 

should not pass 15 seconds; and (c) the average glow time should not exceed 10 seconds. 

The vertical burn test is slightly different than the 45 degree test. The edge of the burner 

must be set ¾-inch lower than the vertical, lower edge of the specimen. The flame must contact 

the centerline of the lower edge for 12 or 60 seconds (depending on the applications where the 

part is installed) and then removed. Similar to the conditions of 45 degree burn test, other criteria 

is used to determine if the test will pass, such as; (a) the material must self-extinguish; (b) the 

average burn length cannot be longer than 6 inches; (c) the average flame time after the Bunsen 

burner being removed cannot exceed 15 seconds; and (d) the dripping is not allowed to continue 

to fall more than 3 seconds. 

Both of the 45 degree and vertical burn tests must be executed in a certified chamber that 

is vented to a chemically and biologically filtered fume hood. A digital start/stop clock should be 

utilized , and a minimum of three specimens for each test are required to determine an averaged 

results [110]. 
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Figure 3. 15. (a) Chamber setting in the fume hood, (b) calibrating flame, (c) verifying 45 degree 
angle rack, (d) verifying the length of the flame, (e) sensor mounted on the back of the burning 
spot (not required, for research purpose), (f) digital start/stop clock, (g) burn chamber, and (h) 

vertical burn test rack and holder. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 
 
 

4.1 Thermogravimetric Analysis 

 The primer samples, with and without nanoparticle inclusion, were prepared for 

Thermogravimetric Analysis (TGA) and dried in the oven at 120 ºF for 8 hours as were the test 

specimens. The TGA tests were run at 10 ºC/min increment in the nitrogen condition for all 

samples. The initial and final weights of each sample before and after TGA tests are shown in 

TABLE 4. 1.  

TABLE 4. 1 

INITIAL & FINAL WEIGHTS OF THE SAMPLES IN TGA TEST 

Sample Initial Weight (mg) Final Weight (mg) Percent Loss (%) 

Epoxy Primer 32.28 14.42 55.3 
2.5 wt% Nanoclay 18.25 8.64 52.7 
5.0 wt% Nanoclay 15.52 7.43 52.1 
2.5 wt% Graphene 20.53 9.33 54.5 
5.0 wt% Graphene 17.82 8.08 54.7 

 

Regardless of the different initial weights, each sample was calculated by the weight loss 

percentage.  From TABLE 4. 1 it was indicated that the nanoclay samples had less weight loss 

percentage than the base sample and the graphene samples by 2 – 2.5 %. Clay behaves as a 

hydrophilic material; therefore, nanoclays can be dispersed in liquid primer easier than graphene. 

In addition, the surface area of graphene (110 m2/g—from material specification) is about seven 

times smaller than the surface area of nanoclay (750 m2/g [48]). Consequently, each drop of 

primer on the microscope slide (see Figure 3. 9 left) contained less graphene than nanoclay. As a 

result the remaining weight of the graphene samples was less than nanoclay samples after the 
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TGA tests. The compositions of 10P30-8 epoxy primer, with and without nanoparticles, are 

shown in TABLE 4. 2. 

TABLE 4. 2 

THE COMPOSITION OF 10P30-8 EPOXY PRIMER WITH NANOPARTICLES 

CHEMICALS 
/SUBSTANCES FORMULA 

WT % IN 
EPOXY 

PRIMER 

BOILING 
TEMPERA 
-TURE ºC 

FLAMM
-ABLE 

LIQUID 
ACETONE C3H6O 3-7 56 YES 
TOLUENE C7H8 30-60 111 YES 

METHYL ISOBUTYL KETONE C6H12O 0.5-1.5 117 YES 
N-BUTANOL C4H10O 3-7 118 YES 

ETHYLBENZENE C8H10 0.1-1.0 136 YES 
XYLENE C6H4(CH3)2 1-5 138.5 YES 

METHYL AMYL KETONE C7H14O 7-13 151 YES 
BENZYL ALCOHOL C7H8O 10-30 205 YES 

M-XYLENE DIAMINE C8H12N2 3-7 274  
TRIMETHYLOL PROPANE 

TRIGLYCIDYL ETHER C15H26O6 3-7 410  
TALC Mg3Si4O10(OH)2 1-5 800  

CALCIUM CARBONATE CaCO3 15-40 825  
MMT CLOISITE 30B (Na,Ca)0.33(Al,Mg)2 

(Si4O10)(OH)2·nH2O 2.5-5.0 1600 - 1800  
CRYSTALLINE SILICA 

(QUARTZ) SiO2 0.1-1.0 2230  
TITANIUM DIOXIDE TiO2 10-30 2972  

GRAPHENE C12 2.5-5.0 4626  
 

As shown in TABLE 4. 2, all the flammable chemicals were evaporated and combusted at first 

200 ºC in the TGA tests. M-Xylene Diamine and Trimethylol Propane Triglycidyl Ether were 

decomposed in the range from 200 to 400 ºC; while Talc and Calcium Carbonate were 

decomposed as the temperature passed 800 ºC (see Figure 4. 1and Figure 4. 2). The substances 

that possessed high melting temperatures like nanoclays, Crystalline Silica (Quartz), Titanium 

Dioxide, and Graphene would remain unburned as the test stopped at 1000 ºC. 



46 
 

 

Figure 4. 1. 0 wt% nanoparticle sample vs. 2.5 & 5 wt% nanoclay samples in TGA test. 

 

Figure 4. 2. 0 wt% nanoparticle sample vs. 2.5 & 5 wt% graphene samples in TGA test. 

The weight loss curves for the nanoclay samples in Figure 4. 1 are almost identical to 

each other. This would indicate that the percentage of nanoclay inclusion in the epoxy primer did 
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not differ much between 2.5 wt% and 5 wt%. Nevertheless, the 2.5 wt% and 5 wt% graphene 

samples behaved differently and had less weight loss percentage than the base line and nanoclay 

samples at each stage of decompositions. These behaviors will be explained in the next sections. 

At the end of the tests, the weight loss percent of graphene samples was slightly higher than the 

base sample (as shown in Figure 4. 2), but 2 – 2.5 % less than the nanoclay samples due to the 

surface area of graphene smaller than surface area of nanoclay as explained earlier in this 

section. The remaining weight percentages of the base, graphene, and nanoclay samples were 

44.7 %, 45.3 %, and 47.8 %, respectively. 

In the similar tests, Lao et al. [49, 51] dispersed nanoclays (NCs), carbon nanofibers 

(CNFs), nanosilicas (NSs), in PA 11 and PA 12 for flame retardancy. To enhance thermal and 

flame retardant properties, Lao added intumescent flame retardant additives to the samples in 

TGA test. The end results showed the remaining weight percent were below 20 % as the tests 

stopped below 600 ºC (as shown in Figure 4. 3). 

  

Figure 4. 3. TGA of NCs, CNFs, NSs incorporated in PA11 & PA12 [49]. 

Guo et al. [30] incorporated graphene, graphene oxide (GO), and functionalized graphene 

oxide (FGO) into epoxy resin (EP) for their research. The TGA results indicated the remaining 

weight percent of the samples were less than 20 – 25 %. Tang et al. [63] manufactured a hybrid 

paper of carbon nanofibers (CNF) and clay and bonded onto the surface of glass fiber reinforced 

polymer matrix composites. Tang’s TGA results showed the remaining weight percent were less 
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than 30 %. Similar to Guo et al.’s TGA, the slope were dropped abruptly in between 300 ºC and 

400 ºC and did not have further decompositions after 450 ºC. 

     

Figure 4. 4. TGA results: b-d on the left was GO, Graphene, FGO samples except a did not 
incorporate into EP [30]; a & b on the right were CNF paper embedded in composites [63]. 

4. 2 Vertical Burn Test 

 The vertical burn test was conducted in a chamber vented to a chemically and 

biologically filtered fume hood to prevent the toxic gas that may be released during combustion. 

As shown in the pictures, three samples, each of six sets of specimens, were marked from 1A, 

1B, 1C to 6A, 6B, 6C. Specimens 1 contained 0 wt% nanoparticles, specimens 2 – 5 contained 5 

wt% graphene, 2.5 wt% graphene, 5 wt% nanoclay, and 2.5 wt% nanoclay, respectively. 

Specimens 6 were constructed from bare polymer composite with no primer coating or 

nanoparticles. As mentioned in the previous chapter, the burn length of this vertical burn test 

must not be longer than 6 inches, and the flame time and the drip time may not exceed 15 

seconds and 3 seconds, respectively. In addition, the material must self-extinguish to pass the 

test. The results of the 12 seconds burn tests are shown in TABLE 4. 3. 
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TABLE 4. 3 

THE 12-SECOND VERTICAL BURN TEST DATA 

Sample Number 
Burn 

Length 
(inch) 

Average 
Burn 

Length 
(inch) 

Burn 
Width 
(inch) 

Burn 
Area 

(inch²) 

Average 
Burn 
Area 

(inch²) 

Flame 
Time 
(sec) 

Average 
Flame 
Time  
After 
Flame 

Removed 
(sec) 

Pass/Fail 

Bare Material TC1 0.70 
0.88 

0.60 0.21 
0.35 

29.60 
25.76 

FAIL 
Bare Material TC2 0.65 0.95 0.31 18.86 FAIL 
Bare Material TC3 1.30 0.80 0.52 28.83 FAIL 
0% Nanoparticle TC1 1.00 

1.22 
0.70 0.35 

0.52 
23.52 

22.98 
FAIL 

0% Nanoparticle TC2 1.65 0.84 0.69 20.09 FAIL 
0% Nanoparticle TC3 1.00 1.05 0.53 25.33 FAIL 
2.5% Nanoclay TC1 0.68 

0.73 
0.72 0.24 

0.26 
29.35 

23.75 
FAIL 

2.5% Nanoclay TC2 0.74 0.70 0.26 23.76 FAIL 
2.5% Nanoclay TC3 0.76 0.69 0.26 18.14 FAIL 
5% Nanoclay TC1 0.58 

0.62 
0.75 0.22 

0.22 
17.93 

19.22 
FAIL 

5% Nanoclay TC2 0.68 0.65 0.22 15.58 FAIL 
5% Nanoclay TC3 0.60 0.76 0.23 24.16 FAIL 
2.5% Graphene TC1 0.43 

0.44 
0.60 0.13 

0.13 
11.84 

12.30 
PASS 

2.5% Graphene TC2 0.40 0.60 0.12 12.07 PASS 
2.5% Graphene TC3 0.50 0.61 0.15 12.98 PASS 
5% Graphene TC1 0.07 

0.07 
0.45 0.02 

0.02 
0.30 

0.10 
PASS 

5% Graphene TC2 0.07 0.50 0.02 0.00 PASS 
5% Graphene TC3 0.06 0.50 0.02 0.00 PASS 
 

TABLE 4. 3 indicates the burn length on all samples is good with the average range from 0.06 

inch to 1.30 inch. This is within the allowable six inches of the burn length without any dripping. 

However, there were four samples that had flame time exceeding the 15-second allowable. These 

were bare material, 0 wt% nanoparticles, 2.5 wt% and 5 wt% nanoclay specimens. 

Surprisingly, the 0 wt% nanoparticle inclusion samples had the average burn length 

longer than the bare composite material average burn length. The reasons considered are; (1) 

epoxy primer (component A) and curing agents (component B) were both rated as class IB for 
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flammability and contain acetone, methyl amyl ketone (MEK), benzyl alcohol, that evidently 

added more fuel to the combustion and consequently extended time of combustion, and (2) 

nanoparticles that act as a flame retardant that were absent from the epoxy primer. These two 

factors resulted in the average burn areas of 0 wt% nanoparticle samples exceeding the average 

burn area of bare polymer composite samples as well as other samples. The carbon fiber 

reinforced composite specimens used in this research were composed of carbon fiber and 

polymer epoxy matrix (MTM®45-1). When exposed to heat, the flammable components are 

combustible, and decomposed before the high melting point components. Since the epoxy resin 

matrix is also a flammable substance that supports combustion, it burns before the carbon fiber. 

By comparing the burn lengths as well as the burn areas between the bare polymer composite 

samples with the other nanoparticles samples in TABLE 4. 3, the samples with nanoparticles 

seem to have less burning effect than the samples without them. This was shown in Figure 4. 9 

through Figure 4. 14. The right ends of test specimens were subjected to the Bunsen burner flame 

for 12 seconds. Next, these same specimens then underwent the same vertical burn test but with 

longer duration. The left ends of the specimens were contacted with the isothermal heat from 

Bunsen burner for 60 seconds. TABLE 4. 4 lists the data of the samples undergoing five times 

longer heat exposure than the previous test. 
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TABLE 4. 4 

THE 60-SECOND VERTICAL BURN TEST DATA 

Sample Number 
Burn 

Length 
(inch) 

Average 
Burn 

Length 
(inch) 

Burn 
Width 
(inch) 

Burn 
Area 

(inch²) 

Average 
Burn 
Area 

(inch²) 

Flame 
Time 
(sec) 

Average 
Flame 
Time  
After 
Flame 

Removed 
(sec) 

Pass/Fail 

Bare Material TC1 1.50 
2.30 

1.20 0.90 
0.95 

0.00 
2.33 

PASS 
Bare Material TC2 3.30 0.70 1.16 7.00 PASS 
Bare Material TC3 2.10 0.75 0.79 0.00 PASS 
0% Nanoparticle TC1 2.72 

2.54 
0.95 1.29 

1.18 
10.21 

9.39 
PASS 

0% Nanoparticle TC2 3.10 0.92 1.43 9.04 PASS 
0% Nanoparticle TC3 1.80 0.92 0.83 8.92 PASS 
2.5% Nanoclay TC1 3.10 

2.76 
1.00 1.55 

1.35 
15.66 

16.56 
FAIL 

2.5% Nanoclay TC2 2.40 0.93 1.12 15.09 FAIL 
2.5% Nanoclay TC3 2.78 1.00 1.39 18.93 FAIL 
5% Nanoclay TC1 2.40 

2.38 
0.94 1.13 

1.14 
9.18 

10.85 
PASS 

5% Nanoclay TC2 2.48 0.95 1.18 12.20 PASS 
5% Nanoclay TC3 2.25 0.98 1.10 11.18 PASS 
2.5% Graphene TC1 2.25 

1.92 
0.78 0.88 

0.78 
8.40 

8.00 
PASS 

2.5% Graphene TC2 1.40 0.75 0.53 6.55 PASS 
2.5% Graphene TC3 2.10 0.88 0.92 9.06 PASS 
5% Graphene TC1 0.61 

0.64 
0.80 0.24 

0.26 
5.24 

6.25 
PASS 

5% Graphene TC2 0.62 0.85 0.26 7.67 PASS 
5% Graphene TC3 0.68 0.82 0.28 5.84 PASS 
 

From the data of TABLE 4. 4 and the charts in Figure 4. 5 and Figure 4. 6, the 60-second vertical 

burn test the specimens obviously burned more than the 12-second vertical burn test, because 

they were subjected to the flame for a longer duration. The bare composite samples with the 

epoxy resin matrix rated as a flammable substance that supported combustion during the 

burning; therefore, within 60 seconds of constant burning, the majority of the epoxy resin matrix 

was burned and decomposed. During this time the carbon fibers, that were produced at an 

extremely high temperature, and possess a very high value of thermal conductivity [2], were 
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thermally conducting and dissipating exothermically the heat to the adjacent areas and 

convecting to the air that in turn helped reduce further the decomposition of epoxy resin matrix. 

Similarly, the 0 wt% nanoparticle samples were the second highest burn length on the chart (see 

Figure 4. 5) after 2.5 wt% nanoclay samples. Although the 0 wt% nanoparticle samples had the 

highest burn areas in the 12-second vertical burn test; they behaved differently in this 60-second 

vertical burn test. As mentioned earlier in the 12-second vertical burn test, flammable epoxy 

primer compounds will be combusted and burned before the flame impinges on the epoxy resin. 

As the epoxy primer compound decomposed, it left behind an ash layer that contained calcium 

carbonate, titanium dioxide and talc. These were the components of epoxy primer. This thin ash 

layer acted as a shield to somewhat resist the flame from contacting the next epoxy resin layer. 

Therefore, that would result the average burn lengths and areas being less than the bare 

composite samples. Unfortunately, this research did not investigate longer duration burns than 

60-second vertical burn test to compare the behavior between the bare composite samples with 

epoxy primer coating samples.  

 

Figure 4. 5. Average burn length of 12 sec and 60 sec vertical burn test. 
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Avg. Burn Length 60s Test (in) 2.300 2.540 2.760 2.377 1.917 0.637
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Figure 4. 6. Average burn area of 12 sec and 60 sec vertical burn test. 

From the observation of all of the specimens, the average burn length of nanoclay 

inclusion samples are greater than the average burn length of bare material samples while the 

average burn length of graphene inclusion samples were the least. The result is related to the 

values of thermal conductivity of nanoclay and graphene. In other words, the thermal 

conductance of different nanoparticles yielded different results during combustion since the heat 

transfer is different. 

Based on Fourier’s Law, heat transfer is due to the temperature gradient in the direction 

of temperature decreased. Generally, direction of heat transfer (heat flux) is normal to the surface 

of isothermal heat source, such as Bunsen burner flame, while thermal conductivity is defined by 

ability of material to transfer thermal energy from one area to another by conduction  [112]. 

Conduction of heat transfer can be classified in three common problems; 1) multidimensional 

heat transfer, 2) steady versus transient heat transfer, and 3) heat generation. In three-
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Avg. Burn Area of 12s Test (in²) 0.346 0.523 0.255 0.222 0.134 0.016
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dimensional (3-D) Cartesian coordinate system, heat flux has the unit vector form of  

                 (4.1) 

Where q” is vector of flux, k is thermal conductivity, and T is temperature, i, j and k are unit 

vectors corresponds to x, y and z, respectively [113]. The heat transfer from the Bunsen burner 

can be considered as constant ; however, at any point on the surface of the sample, the 

temperature is different due to the conduction of heat transfer from high temperature area to the 

lower temperature area. In addition, the chemical reaction generates combustion from epoxy 

primer on the surface of sample, thus adding more heat. This phenomenon is called transient heat 

transfer. The heat transfer in this case of vertical burn test is not steady.    

 From “Fundamentals of Heat and Mass Transfer” Incropera and co-authors [113] defined 

that for non-metallic materials such as diamond—an allotrope of carbon element—kph (thermal 

conductivity in term of phonons) could be quite large. In general, the high thermal conductivity 

materials are usually used for conductors while the low thermal conductivity materials are used 

for insulators. For instance, nanoclay, which possesses the properties of ceramic, is a good 

candidate for flame retardant due to its low value of thermal conductivity. 

The nanoclay (MMT Cloisite 30B), which is one form of the mineral silicates, has lower 

values of thermal conductivity (shown in Figure 4. 7). During the 60 second of burn the 

combustion process takes place on the surfaces of nanoparticle samples as follows: (a) as the 

flame with the hottest area vertically impinged the specimen’s surfaces, the majority coated in 

epoxy primer, the surfaces endothermically absorbed the heat resulting the start of combustion; 

(b) at this time, two sources of heat are accumulated: one constantly isothermal heat from the 

Bunsen burner and the other one from the combustion of chemical reaction; (c) the nanoparticle 

inclusion in the epoxy primer absorbed the heat energy then conduct and dissipate to the adjacent 

T T T
q k i k j k k

x y z
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lower temperature areas; (d) depending on the thermal conductivity of the nanoparticle inclusion, 

the heat will be dissipated to the adjacent areas at different heat transfer rates. The higher the 

thermal conductivity  material, the faster heat energy it absorbs, conducts and dissipates [112, 

113].  

 

Figure 4. 7. Thermal conductivities in sedimentary rocks of common minerals [114]. 

 

Figure 4. 8. Average flame time of 12 sec and 60 sec vertical burn test. 
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2.5%
Graphene
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Graphene

Avg. Flame Time 12s Test (sec) 25.763 22.980 23.750 19.223 12.297 0.100
Avg. Flame Time 60s Test (sec) 2.333 9.390 16.560 10.853 8.003 6.250
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There has been a lack of clear value of clays/nanoclays’ thermal conductivity since 

nanoclays are layers of mineral silicates. Midttomme et al. obtained a list of some common 

thermal conductivity values for clay minerals [114], and some other sources reported similar 

values. Although nanoclay possess lower thermal conductivity than graphene, they have been 

applied to many flame retardant applications as they form layers of “ceramic-like” ash [59] to 

resist the flame from out-spreading during combustion. However, in this vertical burn test, 

nanoclay samples absorbed heat energy and dissipated heat slowly due to its lower value of 

thermal conductivity. Since the heat was slowly transferred in the nanoclay samples, this would 

result in more heat accumulation in the burning area and the immediate adjacent areas on the 

surface of the samples. Therefore, the epoxy primer compound was burned more than the other 

samples due to excessive heat. Consequently, the burn lengths and burn areas were larger (see 

Figure 4. 9 through Figure 4. 14). In addition, the chart in Figure 4. 8 confirmed the nanoclay 

samples continued to burn longer after the removal of flame due to the excessive latent heat. 

Similarly, the graphene samples were exposed to the same source of isothermal heat from 

the Bunsen burner. Nonetheless, their burn lengths as well as the burn areas in both12-second 

and 60-second vertical burn tests are less than other samples. This proved the graphene inclusion 

samples sustained the heat better than other samples due to the high value of thermal 

conductivity (~ 5.3 x 10³ W/mK [20]) and extremely high melting point (above 3000 ºC [89]) of 

graphene. Consequently, unlike the other samples, the heat absorbed by graphene was rapidly 

conducted and transferred from the high temperature burning area to the lower temperature area 

and also dissipated into the air and adjacent regions; thus the heat was not accumulated as much 

as in the case of nanoclay inclusion samples. Therefore, the graphene samples were self-

extinguished quickly, and had the least effect during combustion. Evidently, the burn lengths and 
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burn areas of graphene samples were much shorter and smaller than the other samples. Wang et 

al. [31] reported the heat release rate decreased when dispersing graphene oxide into epoxy resin. 

Guo et al. [30] found that the thermal stability of composite with graphene oxide was increased, 

thus the heat release rate reduced. 

As an overall observation of both 12-second and 60-second vertical burn tests in this 

research, all the samples were self-extinguished regardless of the extended flame time. In 

addition, the burn length on each individual sample was not longer than the allowance of six 

inches. Acknowledging that the average burn area is not required in Title 14 CFR Part 25 of 

Federal Aviation Administration (FAA); nevertheless, these average areas were calculated for 

comparison for research purposes. 

 

 

Figure 4. 9. Burned areas of vertical burn test on bare composites: 60-second (left side) and 12-
second (right side). 

Bare Composite 60 sec 12 sec 
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Figure 4. 10. Burned areas of vertical burn test on 0 wt% nanoparticle inclusion: 60-second (left 
side) and 12-second (right side). 

 

Figure 4. 11. Burned areas of vertical burn test on 2.5 wt% nanoclay inclusion: 60-second (left 
side) and 12-second (right side). 

Epoxy Primer 10P30-8 60 sec 12 sec 

2.5 wt% Nanoclay 60 sec 12 sec 
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Figure 4. 12. Burned areas of vertical burn test on 5 wt% nanoclay inclusion: 60-second (left 
side) and 12-second (right side). 

 

Figure 4. 13. Burned areas of vertical burn test on 2.5 wt% graphene inclusion: 60-second (left 
side) and 12-second (right side). 

5 wt% Nanoclay 60 sec 12 sec 

2.5 wt% Graphene 60 sec 12 sec 
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Figure 4. 14. Burned areas of vertical burn test on 5 wt% graphene inclusion: 60-second (left 
side) and 12-second (right side). Notice that there was almost no damage on the right end. 

4.3 45 Degree Burn Test 

As aforementioned regarding the 45 degree burn test, the flame time after the burner is 

removed must not exceed 15 seconds. The specimen must not be burned through, and the glow 

time may not pass 10 seconds. In this research, although the burn area for the 45 degree burn test 

was not required; the burn area is calculated for research purposes with the intent of comparing 

the data within the research. The panels in this 45 degree burn test include 0 wt% nanoparticle 

inclusion was considered as a base sample, four panels of 2.5 wt% and 5 wt% ratios of nanoclay 

and graphene inclusion samples, and the sixth sample was for graphene oxide thin film 

secondarily bonded on the composite surface by high service temperature film adhesive. In 

addition, the K-type thermocouple sensor was purposely taped on the back of the panel at 

approximately the location the flame would contact with the front of the panel to capture the 

5 wt% Graphene 

60 sec 
12 sec 
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temperature right at the moment of the flame being removed and the maximum temperature. The 

data of the 45 degree burn test is shown in TABLE 4. 5. 

TABLE 4. 5 

45 DEGREE BURN TEST DATA 

Sample 
Burn 

Length 
(inch) 

Burn 
Width 
(inch) 

Burn 
Area 
(in²) 

Avg 
Burn 
Area 
(in²) 

Temp 
@ 
30s 
(ºF) 

Avg 
Temp  
@ 30s 

(ºF) 

Max 
Temp 
(ºF) 

Avg 
Max 
Temp 
(ºF) 

Discoloration 
on the back 

Epoxy Primer TP1 1.61 0.70 1.13 
1.17 

376 
371.33 

401 
398.00 

YES 
Epoxy Primer TP2 1.70 0.71 1.21 365 394 YES 
Epoxy Primer TP3 1.65 0.72 1.19 373 399 YES 
2.5% Nanoclay TP1 1.60 0.70 1.12 

1.07 
359 

360.33 
393 

395.00 
YES 

2.5% Nanoclay TP2 1.48 0.69 1.02 355 389 YES 
2.5% Nanoclay TP3 1.51 0.70 1.06 367 403 YES 
5% Nanoclay TP1 1.50 0.72 1.08 

1.03 
344 

348.67 
378 

384.00 
YES 

5% Nanoclay TP2 1.50 0.70 1.05 352 386 YES 
5% Nanoclay TP3 1.40 0.68 0.95 350 388 YES 
2.5% Graphene TP1 1.50 0.65 0.98 

0.94 
335 

336.00 
364 

369.00 
YES 

2.5% Graphene TP2 1.51 0.61 0.92 347 373 YES 
2.5% Graphene TP3 1.49 0.63 0.94 326 370 YES 
5% Graphene TP1 1.18 0.61 0.72 

0.61 
321 

323.00 
356 

359.67 
YES 

5% Graphene TP2 1.05 0.52 0.55 317 359 YES 
5% Graphene TP3 1.10 0.51 0.56 331 364 YES 
Graphene Film TP1 0.39 0.21 0.08 

0.08 
224 

215.33 
241 

229.33 
NO 

Graphene Film TP2 0.35 0.22 0.08 204 216 NO 
Graphene Film TP3 0.38 0.21 0.08 218 231 NO 
 

This test is similar to the vertical burn test but the duration is two and one half times longer than 

12 second burn test and exactly half time of the 60 second burn test. Moreover, the test position 

is now 45 degree, and the flame was in contact with the faced-down test surface for 30 seconds. 

Hence, the results would probably be different.  
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As shown from data of TABLE 4. 5 and also in the chart of Figure 4. 21, the average 

burn area of the samples varied, with 0 wt% nanoparticle being the worst sample. Next in line 

were the 2.5 wt% and 5wt% nanoclay samples.  The 2.5 wt% and 5 wt% graphene inclusion 

samples were better. Finally, the bonded graphene oxide thin film had the least amount of burn 

area. The burn length of 2.5 wt% and 5 wt% of nanoclay samples are worse than the bare 

material sample in 60-second burn test; however, the 12-second vertical burn test and 45 degree 

burn test, the burn length of nanoclay samples showed better results since the sample was only 

subjected to the heat for 30 seconds, or which was half the time. Within 30 seconds of burning 

period, the epoxy primer compound (including components A and B) and epoxy resin matrix 

simultaneously were combusted due to chemical reaction which in turn added more heat to the 

panels. Evidently, this would result in a more combustion effect on the 0 wt% nanoparticle 

samples. The 2.5 wt% and 5 wt% nanoclay and graphene samples, with nanoclay and graphene 

acting as a flame retardant, would endothermically absorb heat energy, convect to the air and 

conduct to the adjacent areas at the same time. The nanoparticle inclusion behaved like a 

“curtain” resisting the flame from impinging the composite surface by yielding the ash layers, 

thus reducing the heat absorbed from the Bunsen burner isothermal heat source. The images 

from Figure 4. 15 to Figure 4. 20 were captured by C-scan and digital camera on the front and 

back of the burn areas where the heat was absorbed and conducted.  

         

C-scan of Epoxy Primer after 
burn 

Epoxy Primer after burn Discoloration on the back 
panel 
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Figure 4. 15. C-scan images of 0 wt% nanoparticle inclusion after 45 degree burn test (left), 
burned marks on front panel (middle), and back side (right). 

 

         

Figure 4. 16. C-scan images of 2.5 wt% nanoclay inclusion after 45 degree burn test (left), 
burned marks on front panel (middle), and back side (right). 

 

         

Figure 4. 17. C-scan images of 5 wt% nanoclay inclusion after 45 degree burn test (left), burned 
marks on front panel (middle), and back side (right). 

 

         

Discoloration on the back 
panel 

2.5 wt% Nanoclay after 
burn 

C-scan of 2.5 wt% Nanoclay 
after burn 

C-scan of 5 wt% Nanoclay 
after burn 

C-scan of 5 wt% Nanoclay 
after burn 

Discoloration on the 
back panel 

C-scan of 2.5 wt% 
Graphene after burn 

C-scan of 2.5 wt% 
Graphene after burn 

Discoloration on the 
back panel 
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Figure 4. 18. C-scan images of 2.5 wt% graphene inclusion after 45 degree burn test (left), 
burned marks on front panel (middle), and back side (right). 

 

         

Figure 4. 19. C-scan images of 5 wt% graphene inclusion after 45 degree burn test (left), burned 
marks on front panel (middle), and back side (right). 

 

          

 

Figure 4. 20. C-scan images of bonded GTF after 45 degree burn test (left), front panel (middle), 
and back side (right). Note: the red border areas caused by the voids/creases of melted film 

adhesive during layup. There were no burned signs or discoloration on the back. 

Discoloration on the 
back panel 

C-scan of 5 wt% 
Graphene after burn 

C-scan of 5 wt% 
Graphene after burn 

C-scan of GTF before burn C-scan of GTF after burn Bonded GTF after burn 

No Discoloration on the 
back panel 
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 The comparison between the panels at the burn areas showed that the panel without 

nanoparticle inclusion was burned more than the panels with nanoparticles inclusion. Graphene 

samples, which had the highest value of thermal conductivity among the samples in this research, 

had less effect than nanoclay samples and base line sample due to the heat being conducted and 

rapidly dissipated to the air and other adjacent areas. The K-type thermocouple sensor captured 

the temperatures at the 30 second interval when the flame was removed and continued to 

measure the highest temperature, the peak temperature. As expected, the base line panel had 

highest temperature captured resulting in larger burn areas and more discoloration on the back 

side of panel. Similarly for the nanoclay samples and graphene samples, the discoloration 

appeared on the back surface was darker for nanoclay samples than graphene samples. As shown 

in Figure 4. 18 and Figure 4. 19, the graphene samples had less discoloration and smaller burn 

areas than the others except the graphene oxide thin film panel. 

As mentioned earlier the nanoclay samples absorbed heat and transferred or dissipated 

heat slower than graphene samples due to its lower value of thermal conductivity. For example, 

if two samples of ceramic and copper (conductivity of pure copper is ~ 401 W/mK at 25 ºC 

[113]) were heated from the identical isothermal heat source at the same amount of time, the 

copper sample will absorb, conduct, and dissipate the heat faster. Thus it will cool quicker while 

the ceramic sample will take longer to heat up as well as cooling down. Similarly in this case 

with nanoclay and graphene samples, the graphene inclusion samples had less burning effects 

(see Figure 4. 18 and Figure 4. 19) than nanoclay samples due to the heat conduction process 

taking place rapidly on the surface.  
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Figure 4. 21. Average burn area of 45 degree burn test. 

 

Figure 4. 22. Average temperature at 30 sec when the flame removed and maximum read 
temperature. 

 Interestingly, the sample of bonded graphene oxide thin film seemingly were not affected 

by the heat within 30 seconds as shown in the C-scan images of before and after burning in 
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Figure 4. 20. In addition, there was no discoloration on the back of the panel due to graphene 

oxide thin film absorbing heat and rapidly conducting and dissipating heat to the adjacent areas 

and to the air. It was also shown in TABLE 4. 5 and Figure 4. 22 for temperatures read by K-

type thermocouple, the graphene oxide thin film turned out to be the sample that had the least 

average temperature conducted through the thickness. 

 Compared with clay materials, graphene possesses an extremely higher value of electrical 

conductivity. The electrical conductivity value of graphene oxide thin film was measured using 

four point probes methods with Surface Resistivity Meter SRM-232. The obtained value was 

0.14 Ω/SQ; which can be read as 0.14 ohms per square. “Ohms Per Square” is a unit that 

represents sheet resistance of a given thin material, such as film or thin layer. Different material 

thicknesses will yield different sheet resistance values. To convert from sheet resistance to 

volume resistivity, the thickness of the film (measured in centimeters) is multiplied with the 

value of sheet resistance to get the result of volume resistance in ohms-centimeter (Ω-cm). 

Volume conductivity is the reciprocal value of volume resistivity that has the unit of Siemen per 

centimeter (S/cm). This would yield the volume electrical conductivity on the graphene oxide 

thin film as 740 Siemen per cm (S/cm) or 7.40 x 104 S/m. The calculation steps are as follows: 

Volume Resistance = Sheet Resistance x Film Thickness      (4.2) 

       = .14 Ω/SQ x 0.009652 cm 

      = 0.001351 Ω-cm 

Volume Conductivity = 1 / Volume Resistance       (4.3) 

              = 1 / 0.001351 Ω-cm 

   = 740.2 S/cm 
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Figure 4. 23. The value of sheet resistivity of bonded graphene oxide thin film. 

Incropera and co-authors stated clearly in “Fundamentals of Heat and Mass Transfer” that 

the more mean-free path electrons or phonons a material has, the higher the thermal conductivity 

that material possesses. At absolute-zero temperature the electrons are in their ground state; not 

moving. The phonons do not exist. Nevertheless, at non-zero temperatures, electrons begin to 

vibrate and generate heat. This thermal energy is carried by phonon; also called thermal phonon 

[113].  In a solid stage, the thermal energy carried by electrons and phonons causing conduction 

of heat transfer may be expressed in this form 

k = ke + kph         (4.4) 

where ke is thermal conductivity coefficient of electron and kph is thermal conductivity 

coefficient  of phonons. The kph of non-metallic materials can be a large value. As a result, high 

electrical conductivity materials also possess high thermal conductivity since the electrical and 

Measuring Sheet Resistance 
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thermal energy are carried by electrons and phonons, respectively. In other words, the phonons 

will carry thermal energy with the same route as the electrons do to conduct or transfer heat. 

 

Figure 4. 24. Electrons or phonons moving in the (a) relatively thick film and (b) boundary 
effects relatively thin film [113]. 

Figure 4. 24 indicates that in the thick film the electrons and phonons move easier in all 

directions, while their motion is limited in the thin film due to the boundary effects [112, 113]. 

This means that in high thermal conductivity materials, the phonons carry thermal energy and 

move in the length direction faster than in the limited dimension direction. For instance, this 

concept was utilized in the design of the high temperature engine that does not have room for a 

cooling fan, such as motorcycle engines or lawn mower engines. This speeds up the heat transfer 

process. The extended rectangular fins that are located around the cylinder housing will help 

conduct and convect heat to the air, thus cooling the engine down. 

In the case of graphene oxide thin film, heat energy was absorbed, conducted and 

transferred by phonons quicker in the length and width directions than through the thickness, 

especially when laminated with different thermal conductivity materials. Hence, the temperature 

captured on the back of the graphene thin film sample was lower than the rest of the samples as 

seen in TABLE 4. 5. Figure 4. 25 shows the sheet resistivity value of 0.07 Ω/SQ captured on a 

piece of graphene oxide thin film with thickness of .0020” (~ .00508 cm), which is almost half of 

the thickness of the graphene oxide thin film in Figure 4. 23. The 0.07 Ω/SQ sheet resistance 

value is equivalent to 2857 S/cm electrical conductivity value. Consequently, this once again 
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substantiates the electrons and phonons tend to move faster in the length direction in this 

particular case. In other words, the thinner the graphene oxide thin film, the higher value of 

electrical and thermal conductivities. 

 

Figure 4. 25. The value of sheet resistivity of graphene oxide thin film in different thickness.  

The primer on the surface of samples was carefully removed with fine (240 – 350 grit) 

sand papers and acetone, and then was viewed under high magnification microscope. The 

following images, captured under Nikon SMZ microscope, show the different damage levels on 

samples with and without nanoparticle inclusion in 45 degree burn test for 30 seconds. As 

mentioned before, and also indicated in the chart of Figure 4. 21, the 0 wt% nanoparticle 

inclusion sample (base line sample) had greater burned areas than the samples with nanoclay and 

graphene inclusion. Indeed, comparing Figure 4. 26 to Figure 4. 30, the majority of the epoxy 

resin on the surface of the base line sample was mostly burned and charred while the epoxy resin 

on the surface of the nanoclay and graphene samples was partially burned. As shown in Figure 4. 

26 the epoxy resin at the areas where yarns were woven and even at a few layers underneath, the 

surface was burned seriously.  
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The 2.5 wt% and 5 wt% nanoclay samples (Figure 4. 27 and Figure 4. 28) also had 

severely burned areas. Both 2.5 wt% and 5 wt% graphene samples had the least effect from the 

45 degree burn test (see Figure 4. 29 and Figure 4. 30) due to the extremely high value of 

thermal conductivity. That helped conduct heat transfer much quicker to the lower temperature 

areas. Moreover, the graphene thermal property with high melting temperature also helped 

protect the surface from getting burned through. 

     

Figure 4. 26. Burned area of 0 wt% nanoparticle inclusion samples under microscope as zoomed 
in (from 20x to 80x). 

 

     

Figure 4. 27. Burned area of 2.5 wt% nanoclay inclusion samples under microscope as zoomed 
in (from 20x to 80x). 

 

20x 40x 80x 

20x 40x 80x 
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Figure 4. 28. Burned area of 5 wt% nanoclay inclusion samples under microscope as zoomed in 
(from 20x to 80x). 

 

     

Figure 4. 29. Burned area of 2.5 wt% graphene inclusion samples under microscope as zoomed 
in (from 20x to 80x). 

 

     

Figure 4. 30. Burned area of 5 wt% graphene inclusion samples under microscope as zoomed in 
(from 20x to 80x). 

20x 40x 80x 

20x 
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40x 80x 

40x 80x 
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All five samples were compared under a microscope using three different magnifications. 

The expanded images (20x) from Figure 4. 26 to Figure 4. 30 show approximately five by five 

cells of yarns, while the middle images (40x) show a closer view of about two by two cells of 

yarns. The close-up views (80x) on the far right images show evidence of where epoxy resin was 

burned at the intersection of crossed yarns. The graphene samples had the least burned area 

density, compared to the nanoclay samples and the base sample.   

However, an overall observation of all six panels utilizing the 45 degree burn test, all 

samples self-extinguished, regardless of the extended flame time and passed the requirements. 

Acknowledging that the average burn area is not required in Title 14 CFR Part 25 of FAA; 

nevertheless, these average areas were calculated for comparison for research purposes only. 
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CHAPTER 5 

CONCLUSION 
 
 

In this research, the vertical, 12-second and 60-second, and 45 degree burn tests were 

performed on the 0 wt% nanoparticle, 2.5 wt% and 5 wt% nanoclay and graphene, and 

secondarily bonded graphene thin film samples. The results show that without nanoparticle 

inclusion, the bare polymer composite and the zero percent nanoparticle inclusion had the longer 

average burn lengths as well as larger average burn areas for 12-second vertical burn tests. This 

is due to the flammable epoxy primer compounds and epoxy resin added more flame and heat to 

the combustion process. Nevertheless, in the 60-second vertical burn test, the nanoclay inclusion 

samples had longer average burn lengths and larger average burn areas than other samples due to 

the latent heat that nanoclay absorbed and slowly dissipated. This resulted in increased burning 

during combustion. The graphene samples in both 12-second and 60-second vertical test showed 

significant improvement in composite flame retardancy. They had the least burn lengths and burn 

areas due to the high value of thermal conductivity of graphene that helped conduct and rapidly 

dissipate the heat to the air and adjacent areas. Consequently, less heat was accumulated during 

combustion. 

Similarly in the 45 degree burn test, the average burn lengths and the average burn areas 

were ranged from 0 wt% nanoparticle inclusion (greatest) to the nanoclay samples, and to the 

graphene samples (least) as expected. Again, graphene inclusion samples had the best results 

with the least burned areas as compared to the other samples. This significant phenomenon was 

verified by secondarily bonded graphene oxide thin film sample in the 45 degree burn test. There 

were no signs of burning by C-scan image with the graphene oxide thin film sample; and the 

discoloration on the back of the burn areas exhibited on the other samples was not evident. In 
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addition, the thermogravimetric analysis data and charts indicated that the nanoclay inclusion 

samples, as well as the graphene inclusion samples, had better weight loss percentage than the 

base sample. Also, with respect to decomposition, the graphene samples had higher thermal 

stability than the base sample and nanoclay samples. 

In conclusion, incorporating up to 5 wt% graphene oxide into epoxy primer will enhance 

the flame retardancy on aerospace composite surfaces. Additionally, embedding a graphene 

oxide thin film under the epoxy primer will further enhance the flame retardancy and improve 

lightning strike resistance due to the extremely high thermal conductivity and electrical 

conductivity properties of graphene. 
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CHAPTER 6 

FUTURE WORK 

 

 The major disadvantage of epoxy resin matrix, degraded and charred when exposed to 

high temperature, has drawn attention from researchers. Many studies have been done with the 

intent to enhance flame retardancy. However, there has been a lack of historical data regarding 

structural analysis of polymer reinforced composite under the load in the high temperature. The 

flame retardant methods using graphene incorporated into epoxy primer, or secondarily bonded 

graphene oxide thin film, need to be structurally analyzed by simulation. Therefore, the 

following areas need to be explored to advance further studies: 

- Modeling the composite structure being subjected to the high heat 

- Analyze and compare to the real data of the mechanical properties of composite 

structures before and after subjecting to the high temperature 

- Analyze data of samples with and without the fire retardant additives 

- Improve the quality of graphene thin film regarding of manufacturing, physical and 

mechanical properties 
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