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Abstract 

 

Flame Retardant Polyamide 6 Nanocomposites and Nanofibers: 

Processing and Characterization 

 

Xiaoli Yin, M.S.T.A.T. 

The University of Texas at Austin, 2012 

 

Supervisor: Mourad Krifa 

Co-Supervisor: Joseph H. Koo 

 

Polyamide 6 (PA6) was melt-blended with an intumescent flame retardant (FR) 

and nanoparticles (multi-wall carbon nanotubes [MWNTs] and nanoclays) to produce 

multi-component FR-PA6 nanocomposites. Thermal, flammability properties, char 

residue morphology, and mechanical properties of FR-PA6 nanocomposites were 

characterized. The flame retardant properties were enhanced according to UL 94 and 

microscale combustion calorimeter (MCC) measurements, whereas the thermal stability 

was decreased. Mechanical properties of the bulk material, especially elongation at break, 

were severely reduced, with the exception of tensile modulus which increased 

significantly. FR-PA6 nanofibers were processed via electrospinning. Electrospinnability, 

morphology of the nanofibers, combustion, and thermal properties were also analyzed. 

As for the bulk-form nanocomposite, improved combustion properties of these nanofibers 

were successfully achieved though thermal stability was compromised. With proper FR 

additive, the synergism between MWNTs and nanoclays was observed in PA6 resin. 
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Chapter 1  Introduction 

1.1 BACKGROUND 

1.1.1 Flame retardant treatments 

Fire hazards are serious threats that can result in high rates of fatalities and 

disfiguring burns (Weil and levchik 2008). The long history of fabric flame retardant 

treatments can be traced back to 1735 when borax, vitriol, and other mineral substances 

were used for flame retardancy of canvas and linen. Almost 50 years ago, the mid-

twentieth century witnessed the critical developments for most of today's successful 

flame retardant treatments for fibers and textiles (Horrocks 2011), which include non-

durable, semi durable, and durable chemical agents. Polybenzimidazole (PBI) is an 

inherently flame retardant organic fiber, which does not burn in air and does not melt or 

drip (Smith 1999). The excellent thermal retardancy, high LOI, and chemical resistance 

make PBI a successful fiber for flame retardant and protective fabrics. However, only 

few products are made from PBI in market because of its very high price. PBI often 

blends with other materials for processing reasons as well as cost. Nomex® (Du Pont) is 

probably the best known inherently flame retardant fiber, and most widely used for its 

combination of heat resistance and strength. In addition, Nomex has relatively soft 

handling and easy processing characteristics similar to conventional fibers, which is a 

major reason for its success in flame-retardant apparel markets (Smith 1999). Another 

type of aramid fiber with high heat resistance, Kevlar®, has a relatively weak resistance 

to strong acids and bases, and therefore cannot be bleached with chlorine which limits its 

use for protective clothing (Smith 1999). 

In the 21st century, concerns about flame retardancy efficiency, environmental 

sustainability and health issues present huge challenges and opportunities for the flame 
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retardant treatments currently available. Fortunately, the new concepts of formaldehyde 

free and non-halogen containing polymer nanocomposites (PNC) lead to novel 

approaches (Ho, Koo et al. 2007; Koo, Pilato et al. 2007; Lao, Wu et al. 2009; Lao, Yong 

et al. 2010). 

Multi-wall carbon nanotubes (MWNTs) were first tested as nanoparticle additives 

in flame retardant polymers in 2002 by Kashiwagi et al. (2002). In their study, well 

dispersed MWNT enhanced the thermal stability of polypropylene (PP) in nitrogen and 

air and greatly reduced the heat release rate and mass loss rate during combustion. The 

authors later proposed a preliminary mechanism of MWNT flame retardancy, according 

to which the nanotube network formed during burning can work as a heat shield from 

external radiant flux, thus covering the entire surface without significant cracks 

(Kashiwagi, Grulke et al. 2004). Similar results were found in a variety of polymer 

matrices; the addition of MWNT changed viscosity to prevent dripping and flowing, 

enhanced the char yield and reduced the peak heat release rate (PHRR) up to 40-50% 

(Schartel, Potschke et al. 2005; Bocchini, Frache et al. 2007; Peeterbroeck, Laoutid et al. 

2007; Schartel, Braun et al. 2008; Tong, Ma et al. 2008). 

Organoclay is another class of nanofillers used for flame retardant polymer 

nanocomposites due to its barrier effect. Montmorillonite (MMT) clay constitutes the 

most commonly studied layered silicate for producing clay-based nanocomposites. MMT 

has been reported to remarkably reduce the peak heat release rate of polymer 

nanocomposite by the formation of protective and thermal-insulating layer (Kashiwagi, 

Harris Jr et al. 2004; Song, Hu et al. 2004; Wang, Hu et al. 2004; Jang and Wilkie 2005; 

Qin, Zhang et al. 2005; Song, Hu et al. 2005). 

The concept of synergism between nanofillers was proposed in recent years in 

order to achieve better flame retardancy. In comparison with binary system, the mixture 
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of nanoclay and MWNT resulted in further enhancement of thermal stability, increased 

char residual, and lower PHRR on different polymer systems (Peeterbroeck, Alexandre et 

al. 2004; Gao, Beyer et al. 2005; Ma, Tong et al. 2007; Hapuarachchi and Peijs 2010; Im, 

Lee et al. 2010; Hapuarachchi, Bilotti et al. 2011). The mechanism behind this synergism 

is considered to be the sealing effect of MWNTs between clay, creating a compact 

protective surface layer (Kashiwagi, Du et al. 2005; Kashiwagi, Mu et al. 2008). 

Although the integrity of nanoparticle networks is crucial, it should be noted that 

network formation is a necessary but not sufficient condition for effective flame 

retardancy. Indeed, binary/ternary polymer- nanoparticle systems can achieve enhanced 

thermal stability, char strength, and largely reduced PHRR; however, the addition of 

nanoparticle alone cannot create sufficient flame retardancy to pass industry standards 

such as UL-94. On the other hand, the fragile char developed by incorporating only 

conventional flame retardants in the polymers usually exhibits relatively small resistance 

to oxidation during a long-duration burning. The synergism between conventional flame 

retardants and nanoparticles was first  reported by Hu et al. (Hu, Wang et al. 2003) using 

a PA6/clay composite. Experimental results showed the addition of conventional flame 

retardants to clay-polymer nanocomposites lead to a more satisfactory performance in 

both the cone calorimeter and UL 94 tests (Chigwada and Wilkie 2003; Hu, Wang et al. 

2003; Song, Hu et al. 2004). More evident synergism between nanoclay and intumescent 

flame retardant (IFR) was also reported (Wang, Han et al. 2006; Bourbigot, Duquesne et 

al. 2008; Chen, Fang et al. 2009; Liu, Wang et al. 2009). Carbon nanotubes, as another 

candidate nanofiller, was shown to further enhance flame retardancy in intumescent 

flame retardant (IFR) polymer systems, in terms of lower PHRR and improved char 

strength (Bourbigot, Duquesne et al. 2008; Ma, Tong et al. 2008; Lu and Wilkie 2010). 

However, no synergism or even antagonism between a polymer nanocomposite and 
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conventional flame retardants, for instance, melamine cyanurate has been reported as 

well (Zhang, Lewin et al. 2008). This anti-synergism can be explained by different flame 

retardant mechanisms. The “cage effect” exerted by strong and continuous nanoparticle 

networks restricts the important melt dripping for melamine cyanurate and intumescence 

during burning of FR, which leads to poor flame retardancy (Morgan 2006; Isitman and 

Kaynak 2010; Du and Fang 2011). 

1.1.2 Fiber Processing 

The vast majority of the results discussed above come from research focusing on 

polymer nanocomposites in bulk form (e.g., injection molded). In this study, we are 

interested in processing those polymer systems into fibers in both the micro- and nano-

scale. Electrospinning is a century-old technique for preparing polymer nanofibers with 

diameters ranging from nanometers to submicrometers in mat form. Since 

electrospinning was first introduced in 1902, it has recently attracted much attention due 

to its simple process. Nanofibers, with the highly porous structure and large surface-to-

volume ratio have been made for various applications where high porosity is needed, 

such as energy generation, healthcare, environmental engineering, biotechnology, 

security, and defense (Ramakrishna, Fujihara et al. 2006). Electrospun nanofibers have 

been identified for use in chemical and biological protection sensors, tissue engineering, 

drug delivery, membranes and filters, solar cells, and fuel cells. The electrospinning setup 

is composed of a spinneret (syringe needle) connected to a high-voltage direct power 

supply, a syringe pump, and a metallic ground collector. A polymer solution or melt is 

loaded into the syringe and the liquid is extruded from the needle tip at a constant rate 

controlled by the syringe pump. During the electrospinning process, continuous 

nanofibers will be processed from the Taylor cone formed at the tip of the needle when 
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all parameters (high voltage, current, needle and distance between needle tip and 

collector) are in balance. 

 

Figure 1:  Electrospinning setup 

Various nanofibers from carbon nanotube-polymer nanocomposites have been 

successfully electrospun (Jeong, Jeon et al. 2006; Saeed, Park et al. 2006; Jeong, Moon et 

al. 2007; Saeed, Park et al. 2009; Lu and Hsieh 2010; Mazinani, Ajji et al. 2010; Saeed 

and Park 2010). It has been observed in these studies that the incorporation of carbon 

nanotubes substantially enhances the mechanical properties and electrical conductivity of 

the nanofibers. The texture and morphology of the electrospun nanofibers depended on 

the composition of MWNT-polymer blends and the processing condition (Jeong, Jeon et 

al. 2006). Increasing amounts of MWNTs resulted in increased number of beads in the 

MWNT-polymer nanofibers, and fewer beads formation could be achieved by increasing 

the concentration of polymer (Saeed, Park et al. 2006). The mechanical properties 

including specific strength, tensile modulus, and thermal properties of composite 

nanofibers were enhanced as compared to those of neat polymer nanofibers (Saeed and 

Park 2010; Saeed and Park 2011). The increase of degradation temperature indicated that 
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the incorporation of MWNTs into PAN exerts a thermal stabilizing effect in the 

composite (Saeed, Park et al. 2009). 

Montmorillonite (MMT) organoclay has also attracted significant attention due to 

its remarkable enhancement in mechanical, thermal, and dimensional stability of 

nanofibers with small amounts (Fong, Liu et al. 2002; Hong, Jeong et al. 2005; Ji, Li et 

al. 2006; Li, Bellan et al. 2006; Lee, Karim et al. 2008; Ji, Lee et al. 2009; Park, Lee et al. 

2009). At high MMT loading, the homogeneity of the nanofibers decreased, showing 

aggregation with increasing MMT concentration, and suggesting that only at low MMT 

could nanofibers be electrospun homogeneously (Ji, Lee et al. 2009). Due to the strong 

interfacial interaction between the exfoliated MMT and polymer matrix, polymer 

nanofibers are strengthened in terms of mechanical properties (Hong, Jeong et al. 2005; 

Lee, Karim et al. 2008; Ji, Lee et al. 2009; Karim, Lee et al. 2009). It was also found that 

the maximum tensile strength was achieved at 5% (weight loading) MMT content 

nanofibers, in comparison with low (1%, 3%) and high (10%) MMT contents, which 

probably is related to the aggregation of MMT nanoparticles (Lee, Karim et al. 2008; Ji, 

Lee et al. 2009; Park, Lee et al. 2009). Meanwhile, the introduction of nanoclay could 

also improve thermal properties, showing a delayed decomposition process and increased 

decomposition temperature of nanofibers. The remaining residual mass increased as well 

with increasing nanoclay loadings which might be attributed to its higher chain 

compactness (Lee, Karim et al. 2008; Park, Lee et al. 2009; Shami and Sharifi-Sanjani 

2010). 
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1.2 OBJECTIVE 

Since the flame retardant polymer nanocomposites could be the solution to 

produce a new class of cost-effective, inherently flame-retardant textiles, our objective is 

to process and characterize polyamide 6 (PA6) nanocomposites with enhanced flame 

retardant, thermal, and mechanical properties for protective clothing. 

For this study, the first step is to process and characterize PA6 nanocomposites in 

bulk form. Basically, three different processing methods will be used to compound PA6 

nanocomposite: co-rotating twin screw extruder, 2-piece roller blade mixer, and micro 

twin screw extruder. The quality of compounding, dispersion of additives and the flame-

retardant efficiency will be preliminarily characterized by using micro-scale combustion 

calorimetry (MCC). 

Based on the reported synergism between multiwall carbon nanotube and 

nanoclay, these two nanoparticles will be introduced into PA6 matrix for the further 

investigation of the sealing effect of MWNTs between clay platelets. Since the 

incorporation of nanoparticles alone could not provide sufficient flame retardancy to pass 

the industry standard tests, an intumescent flame retardant additive will be added to 

enhance the flame retardant properties. Even though the synergism between nanoparticles 

and flame retardants has been observed, the mechanism is still unclear; thus antagonism 

could also exist if inappropriate proportions or compounding methods are used. In this 

study, a MCC instrument will be used as the primary tool to examine the interactive 

effect among flame retardant additives, MWNTs, and clay platelets. 

Bulk form PA6 nanocomposites with different loadings, which contain both 

nanoparticles and flame retardant additive, will be transformed into nanofibers through 

electrospinning. The addition of MWNTs and clay will substantially change the 

electrospinning properties of neat PA6, so processing uniform nanofibers could be 
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problematic in this case. In this study, the electrospinnability, nanofiber morphology, and 

flame retardant properties will also be investigated.  
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Chapter 2  Experimental 

2.1 CONSTITUENT MATERIALS 

Polymer Resin: Aegis® PA6 (grade H8202NLB) from Honeywell International 

Inc. (Morristown, NJ) is an unfilled, low viscosity, non-lubricated injection molding 

homopolymer, supplied in pellet form, exhibiting excellent melt fluidity for filling thin 

sections. The melding point for PA6 is 240-280 °C, and it exhibits good strength, 

stiffness, and toughness as well as excellent heat, chemical, and abrasion resistance. 

Nanoparticles: Two types of nanoparticles to enhance polymer flame retardant 

and mechanical properties were used: carbon nanotube and montmorillonite nanoclay. 

Baytubes® C 150P (manufactured by Bayer MaterialSciences) are agglomerates 

of multi-wall carbon nanotubes showing excellent tensile strength and E-modulus, as well 

as exceptional thermal and electrical conductivity. The C 150P MWNTs are produced in 

a high-yield catalytic process based on chemical vapor deposition with a bulk density of 

130 to 150 kg/m
3
 and a mean agglomerate size of 0.1 to 1mm. They have an outer mean 

diameter of 13nm, inner mean diameter of 4nm, and mean lengths of 0.2 to 1µm after 

dispersion. 

Cloisite® 30B (manufactured by Southern Clay Products) is a natural 

montmorillonite modified with a quaternary ammonium salt MT2EtOH at 90 meq/100g. 

It’s an additive for plastics to improve various plastic physical properties, such as 

reinforcement, HDT, CLTE, and barrier with particle size ranging from 2µm to 13µm by 

volume. 

Flame retardant additive (FR): Exolit® OP 1312 (manufactured by Clariant) is 

a non-halogenated intumescent fire retardant based on organic phosphinates. The 

thermoplastic material foams and crosslinks on exposure to flame and forms a stable char 

as the surface acting as a barrier. The protective layer provides a heat-insulation effect, 
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reduces oxygen access and prevents dripping of molten polymer. Compared to Exolit OP 

1311, the product has an improved thermal stability. 

2.2 BLENDING AND SPECIMEN PREPARATION 

2.2.1 Bulk-form PA 6 nanocomposite  

There were three batches of PA6 nanocomposites tested in this study, prepared 

using different compounding approaches. 

The first batch of PA6 and PA6 nanocomposites was extruded using a 30 mm 

Werner Pfleider co-rotating twin screw extruder, provided and used as pellets and 

injection molded tensile specimen. The nanocomposite formulations prepared in this 

fashion are summarized in Table 1. Those constituted the initial formulations used to 

screen the impact of incorporating the nanofillers on the thermal stability, flammability, 

and mechanical properties of PA6 in bulk form. 

Table 1: Formulations of bulk-form PA6 nanocomposite by co-rotating twin screen 

extruder 

FR  MWNT Clay PA6 

20% 5% 0 75% 

20% 0 5% 75% 

20% 2.5% 2.5% 75% 

The second batch of PA6 and PA6 nanocomposites used in this study was melt-

blended using a 2-piece roller blade mixer (C.W. Brabender®). “The blade mixer uses 

non-intermeshing counter-rotating mixing blades to homogenize a single or multi-

component material blend on a laboratory scale volume” (C.W. Brabender Instruments). 

All components including PA6 resin, MWNTs, nanoclay, and FR additive were 
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desiccant-dried for 24h before compounding; the compounding temperature was 240°C. 

The formulations compounded by blade mixer are summarized in Table 2. 

Table 2: Formulations of bulk-form PA6 nanocomposite by blade mixer 

FR  MWNT Clay PA6 

15% 0 0 85% 

20% 0 0 80% 

15% 5% 0 80% 

15% 0 5% 80% 

15% 2.5% 2.5% 80% 

The last batch of PA6 and PA6 nanocomposites used in this study was 

compounded using DSM Xplore micro-compounder (a conical twin-screw micro 

compounder) for 10 mins at 240°C. The formulations are summarized in Table 3. 

Table 3: Formulations of bulk-form PA6 nanocomposite by DSM Xplore micro-

compounder 

FR  MWNT Clay PA6 

20% 0 0 80% 

15% 5% 0 80% 

15% 0 5% 80% 

15% 2.5% 2.5% 80% 

Both the second and third batch were intended to refine the formulation (reducing 

FR wt %) and to test thermal stability and combustion properties on electrospun fiber 

mats.  
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2.2.2 PA6-based nanofiber spinning 

The bulk form nanocomposites were dissolved in formic acid, stirring for 24h at 

room temperature in order to achieve homogenous dispersion. The PA6 

nanocomposite/formic acid solution was prepared for processing nanofibers. The solution 

was loaded into a 10 mL plastic syringe with an 18 gauge metallic needle. The mixtures 

were electrospun at room temperature using a DC power supply (Gamma High voltage 

research Ormond Beach, FL), and collected as nonwoven film on the aluminum foil. 

 

Table 4: Formulations of nanofibers processed by electrospinning 

FR  MWNT Clay PA6 

0 0 0 100% 

15% 0 0 85% 

20% 0 0 80% 

15% 5% 0 80% 

15% 0 5% 80% 

15% 2.5% 2.5% 80% 
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2.3 CHARACTERIZATION METHODS 

2.3.1 Bulk-form PA 6 nanocomposite  

Thermal Stability 

Thermal stability refers the stability of a material at high temperatures. Materials 

with more stability have more resistance to decomposition at high temperatures. In this 

study, thermogravimetric analysis (Shimadzu TGA-50), which measures the weight 

changes of samples as a function of temperature, was used to evaluate the thermal 

decomposition of each formulation. The samples were heated under nitrogen at heating 

rate of 10°C/min in the temperature range of 100-700°C to determine the 10%, 50% 

mass-loss decomposition temperature as well as the weight of final residual. 

Mechanical Properties 

Basic tensile properties of neat PA6 nanocomposites and all blends were 

measured via a simple uniaxial tensile test, performed using an automated testing system 

(Instron) in accordance with ASTM D638. Five repetitions were conducted for each 

formation. Since PA6 polymer resins absorb moisture, all specimens were conditioned 

before testing for 24h. Ultimate tensile strength, rupture tensile strength, tensile modulus, 

and tensile elongation at break were calculated from the raw stress-strain data. 

Flammability (UL 94) 

Flammability refers to the relative ease, with which a material will ignite, causing 

fire or combustion. UL 94 is the standard flammability test for plastic materials for safety 

in devices and applications(UL 94), measuring the material response to a removed fire 

threat and the tendency of self-extinction or spreading the flame. UL 94 is not intended to 

reflect the material’s response to real fire scenario, but a preliminary indication for the 

acceptability of plastics materials based on their flammability characteristics. In the 
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vertical UL 94 test, two sets of 5 samples of dimensions 125mm×13mm×3.175mm were 

prepared, with one set of 5 samples conditioned, the other set of 5 samples tested as 

received. The specimen is held in the vertical position at top end as a burner flame is 

applied at the bottom edge for two 10-second intervals, separated by the time it takes for 

flaming combustion to cease after the first flame application. The three ratings, V-2, V-1, 

and V-0 indicated the time of self-extinguish with a specified time after the ignition 

source was removed, as well as indicate whether the specimen dripped flaming particle 

that ignited a cotton indicator located below the sample. The flame of burner was kept 

constant so that there is a 20 ± 1mm high blue flame during the whole experiment 

(without extinction), and the fume hood sash was pulled down as low as possible to 

eliminate the interference of air flow from outside. 

Char Formation 

The morphology of PA6 nanocomposites char residue was examined by using 

Scanning Electron Microscopy (SEM, Model Quanta 650 FEG), in order to investigate 

the mechanism of flame retardancy and the nanoparticles’ effectiveness in reducing the 

material’s flammability. The burnt specimens were obtained from UL 94 test, and coated 

with Pd-Au particles to prevent charging effect in the electron microscope and achieve 

high-quality images. 

Combustion Properties (Micro-scale combustion calorimetry) 

Micro-scale combustion calorimetry (MCC) has been proposed as a tool to assess 

the flame-retardant properties of mg-size polymer samples, including total heat release 

rate (THR), peak heat release rate (PHRR), heat release capacity (HRC), temperature at 

maximum heat release rate (TP), and percent char yield. The MCC measurement was 

performed by using a MCC-2 micro combustion calorimeter manufactured by Govmark 
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(Farmingdale, NY). An approximate 5-7 mg sample is heated to 700 °C using a heating 

rate of 1°C/s, in a mixed atmosphere of nitrogen and oxygen, with 80 cc/min nitrogen 

flow rate and 20 cc/min oxygen flow rate. Each sample was tested in three replicates; the 

data presented are the averages of these three measurements. 

2.3.2 PA6-based nanofibers 

Electrospinnability 

From the preliminary experiments we conducted, it appeared that the 

incorporation of nanofillers in PA6 impacted its electrospinning behavior. It was 

therefore necessary to assess the spinnability of our formulations based on 

electrospinning parameters, and on observation of spinning stability and nanofiber 

uniform appearance. 

Morphology of the Nanofibers 

The morphology of PA6-based nanofibers was observed by using Scanning 

Electron Microscopy (SEM, Hitachi S-5500). All samples were coated with platinum-

gold in order to eliminate the charging effects, which could negatively affect the quality 

of SEM images. 

Combustion Properties (Micro-scale combustion calorimetry) 

The MCC measurement for nanofiber films was also performed using the MCC-2 

micro-scale combustion calorimeter in the same conditions as above. 

Thermal Stability 

In this study, thermogravimetric analysis (Shimadzu TGA-50), which measures 

the weight changes of samples as a function of temperature, was used to evaluate the 

thermal decomposition of each formulation. The samples were heated under nitrogen at 
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heating rate of 10°C/min in the temperature range of 100-700°C to determine the 10%, 

50% mass-loss decomposition temperature as well as the weight of final residual. 
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Chapter 3  Experimental Results of Bulk-form FR-PA6 Nanocomposite 

3.1 THERMAL STABILITY 

As mentioned above, TGA was conducted for neat PA6, FR-MWNT-PA6, and 

FR-Clay-MWNT-PA6 nanocomposites. Figures 2 and 3 show the TGA and DTG curves, 

respectively. The summary of TGA and DTG results is also presented in Table 5. It was 

found that the degradation behavior of both FR-PA6-MWNT and FR-PA6-Clay-MWNT 

nanocomposite is a one-step process in nitrogen. Compared to neat PA6, the addition of 

FR additive along with MWNTs and Clay particles accelerate the degradation during the 

heating process. Their 10% and 50% mass loss temperatures dropped from 413 and 

457°C to around 400 and 435°C, respectively (Table 5). According to the literature, 

thermal behaviors of MWNT/PA6 and Clay/PA6 nanocomposites based on TGA results 

vary from case to case, indicating that there is no final conclusion on the effect of 

MWNT and Clay on thermal stability (Li, Tong et al. 2006; Mahfuz, Adnan et al. 2006; 

Bocchini, Frache et al. 2007; Saeed and Park 2007). However, the final residues of the 

FR-MWNT-PA6 and FR-Clay-MWNT-PA6 nanocomposite were about 20%, 

substantially higher than that of neat PA6, which was almost 100% burned out during the 

test. The large amount of char residues of the FR-MWNT-PA6 and FR-Clay-MWNT-

PA6 nanocomposites should improve the flame retardant property through a physical 

barrier mechanism, even though TGA curves seem to indicate a trend of decreasing 

thermal stability. 
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Table 5: Summary of thermal stability of bulk-form neat PA6, FR-MWNT-PA6, and FR-

Clay-MWNT-PA6 nanocomposite 

 Decomposition Temperature(°C)  

 at 10% mass loss at 50% mass loss Residue at 700°C (%) 

Neat PA6 413 457 0.8 

FR-MWNT-PA6 399 434 19.7 

FR-Clay-MWNT-PA6 398 434 17.7 

 

 

Figure 2: Sample mass (%) of bulk-form neat PA6, FR-MWNT-PA6, and FR-Clay-

MWNT-PA6 nanocomposite (TGA, scan rate 10°C/min, in nitrogen) 
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Figure 3: Mass loss rate of bulk-form neat PA6, FR-MWNT-PA6, and FR-Clay-MWNT-

PA6 nanocomposite (DTG, scan rate 10°C/min, in nitrogen) 
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3.2 FLAMMABILITY PROPERTIES (UL 94) 

Neat PA6, FR-MWNT-PA6, and FR-Clay-MWNT-PA6 nanocomposites were 

tested for flammability according to UL 94 (UL 94). Two sets of 5 specimens each were 

tested from each sample. One set of 5 specimens was conditioned at 23°C and 43% RH 

for 48 hours before testing; the other set was tested as received (no additional 

conditioning). The burner flame was kept constant during the whole experiment (without 

extinction), and the fume hood sash was pulled down as low as possible to eliminate the 

disturbance of air flow from outside. 

Figure 4 shows photos of neat PA6 specimen (left), FR-MWNT-PA6 (middle), 

and FR-Clay-MWNT-PA6 (right) nanocomposite specimens after UL-94 testing. All the 

neat PA6 specimens burned, dripped, and ignited the cotton indicator, whereas none of 

FR-MWNT-PA6 or FR-Clay-MWNT-PA6 nanocomposite specimens showed dripping or 

ignition of the cotton. In addition, all of the FR-MWNT-PA6 and FR-Clay-MWNT-PA6 

nanocomposite specimen burned less than 2s or extinguished immediately after the flame 

was removed. Therefore, neat PA6 was rated as V-2; both FR-MWNT-PA6 and FR-Clay-

MWNT-PA6 nanocomposites were rated as V-0, which indicates the best flame retardant 

properties. 

 

Figure 4: UL-94 specimens of bulk-form neat PA6 (left), FR-MWNT-PA6 (middle), and 

FR-Clay-MWNT-PA6 (right) after burning 
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3.3 CHAR MORPHOLOGY  

Scanning electron microscopy (SEM) analysis was performed to observe the 

cross-section of char residues and investigate the mechanism of Clay and MWNT 

composites flame retardancy. Figure 5 shows the morphology of the char residue of the 

FR-MWNT-PA6 nanocomposite. An obvious difference in morphology between the 

surface on the very top and the network of inner layers was observed, suggesting that the 

combustion residue is not a closed layer structure. 

 

Figure 5: SEM image (unit bar = 300µm) of the char residue of bulk-form FR-MWNT-

PA6 nanocomposite 
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Higher magnitude images of FR-MWNT-PA6 show the char residue in detail 

(Figures 6 and 7). The existence of intumescent flame retardant leads to a hollow 

structure after burning (Figure 6). MWNTs embedded in PA6 can be seen clearly in the 

2µm scale images (Figure 7). 

  

Figure 6: SEM images (unit bar = 5µm) of the char residue of bulk-form FR-MWNT-

PA6 nanocomposite 

  

Figure 7: SEM images (unit bar = 2µm) of the char residue of bulk-form FR-MWNT-

PA6 nanocomposite 
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Figure 8 shows the morphology of the char residue of the FR-Clay-MWNT-PA6 

nanocomposite. Similar to the case of FR-MWNT-PA6 nanocomposite, the char residue 

is a hollow structure due to the intumescent flame retardant. In addition, clay and 

MWNTs as well as the entanglements between them were observed and shown in Figure 

9. 

 

Figure 8: SEM image (unit bar=50µm) of the char residue of bulk-form FR-Clay-

MWNT-PA6 nanocomposite  

  

Figure 9: SEM image (bar=3µm) of the char residue of bulk-form FR-Clay-MWNT-PA6 

nanocomposite   
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3.4 FR-MWNT-PA6 CHAR COMPOSITION 

Since there is an obvious difference in morphology between the surface on the 

very top and the network of inner layers of FR-MWNT-PA6 char residues, the elemental 

composition of the inner network (Figure 10) and outer surface (Figure 11) were 

investigated by Energy-dispersive X-ray spectroscopy (EDX). The analysis revealed that 

the different morphologies correspond to different elemental compositions in terms of 

oxygen and carbon. In the inner network structure, carbon has a markedly higher peak 

than oxygen in the spectrum, indicating carbon is much more concentrated in the inner 

layer. In contrast, the top surface of char residue presents an extremely low content of 

carbon and a higher oxygen concentration. We suspect the high concentration of carbon 

was due to the existence of multi-wall carbon nanotubes in the inner network structure, 

whereas the significant oxidation of carbon to form carbonaceous crust during burning 

leads to the lower concentration of carbon and to the relatively higher concentrations of 

oxygen on the top surface. This observation needs to be verified with the examination of 

char structures using HR SEM or TEM analysis. 
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Figure 10: EDX of the char residue in the inner network of bulk-form FR-MWNT-PA6 

nanocomposite 

 

Figure 11: EDX of the char residue outer surface of bulk-form FR-MWNT-PA6 

nanocomposite 
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3.5 MCC COMBUSTION PARAMETERS 

Based on the MCC data (Table 6 and Figure 12), it appears that the addition of 

flame retardant and nanoparticles substantially enhanced the flame retardant property of 

nylon, as all of the PNC heat release parameters decrease compared to those of neat PA6. 

Among these three nanocomposites, the 20FR-5Clay-PA6 formulation shows the best 

result, including a Peak Heat Release Rate (PHRR) of only 320.7 w/g. PHRR is the most 

critical parameter predicting effective flame retardancy (Gilman, Kashiwagi et al. 1997; 

Yang and He 2011). It should be noted that all of the enhanced flame retardant 

formulations accelerate the combustion, the temperature of maximum heat release 

dropped from 468°C to around 400°C. Additionally, very similar to TGA results, the 

final residue of the nanoparticle added formulations was about 10%, substantially higher 

and stronger than that of neat PA6, which almost burned out during the test. In general, 

there is no obvious difference of flame retardancy among those three nanocomposites. 

All three show remarkably improved flammability properties when compared to neat 

PA6. 

 

Table 6: MCC combustion parameters of bulk-form PA6 nanocomposites from twin 

screw extruder 

 

Bulk-form HR Capacity(J/g-K) SD PHRR(w/g) SD HR (KJ/g) SD Temperature (°C) SD

Neat PA6 681 20.1 681.1 20.4 30.6 1.2 468.5 3.6

20FR-5MWNT-PA6 356.7 8.5 353.9 8.5 25 0.6 442.2 1.3

20FR-5Clay-PA6 323 6.1 320.7 5.9 24.9 0.9 441.1 1.1

20FR-2.5Clay-2.5MWNT-PA6 329.7 7 327.2 5.4 25.1 0.4 442.8 1.7
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Figure 12: MCC of bulk-form neat PA6 and PA6 based nanocomposites 

According to Table 7 and Figure 13, with the same loading of nanoparticles, all of 

the 20 wt% FR formulations exhibit better flame retardant properties than those with only 

15wt% FR. With 5wt% more FR, the bulk-form PA6 nanocomposite achieves an 

approximate 50w/g decrease in regard of PHRR, the heat release capacity and total heat 

release were reduced as well. 

With the same amount (15wt% or 20wt %) of FR additives, the combination of 

FR-5Clay achieved the best flame retardancy followed closely by FR-2.5Clay-2.5MWNT 

with no significant difference in PHRR. Finally, the FR-5MWNT formulation had the 

highest heat release. It appears from the above results that partial substitution of clay 

particles with MWNT (2.5%) maintains the level of performance while total substitution 

of the 5% loading results in a reduction of FR performance. In addition to PHRR, the 
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temperature at maximum heat release drops from 468°C to the range of 440-450°C as FR 

and nanoparticles were added. The decreases in temperature are very likely due to FR 

additives and do not appear related to the type of nanofiller (Clay vs. MWNT). 

Table 7: MCC combustion parameters of bulk-form neat PA6 and PA6 nanocomposites 

with different loadings of FR additives 

 

 

Figure 13: MCC of bulk-form neat PA6 and PA 6 based nanocomposites with different 

loadings of additives 

Bulk-form HR Capacity(J/g-K) SD PHRR(w/g) SD HR (KJ/g) SD Temperature (°C) SD

Neat PA6 681 20.1 681.1 20.4 30.6 1.2 468.5 3.6

15FR-5MWNT-PA6 405 2.6 401.4 3.1 26.3 0.06 454.4 2.5

20FR-5MWNT-PA6 356.7 8.5 353.9 8.5 25 0.6 442.2 1.3

15FR-5Clay-PA6 376.7 6.4 374.2 6.1 26.9 0.6 455.2 2.6

20FR-5Clay-PA6 323 6.1 320.7 5.9 24.9 0.9 441.1 1.1

15FR-2.5Clay-2.5MWNT-PA6 383 5 380.3 5.3 26.5 0.5 453.7 1.5

20FR-2.5Clay-2.5MWNT-PA6 329.7 7 327.2 5.4 25.1 0.4 442.8 1.7
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3.6 MECHANICAL PROPERTIES 

FR-MWNT-PA6 nanocomposite was chosen to characterize for mechanical 

properties. Table 8 summarized the mechanical properties of neat PA6 and FR-MWNT-

PA6 nanocomposites. The low elongation at break for the FR-MWNT-PA6 

nanocomposite indicates a brittle material, suggesting that the presence of FR additive 

and MWNT modify the overall mechanical properties of PA6 matrix. The tensile 

modulus of neat PA6 and FR-MWNT-PA6 nanocomposite were 1436 and 2434 MPa, 

respectively; thus the incorporation of flame retardant additives and MWNTs leads to a 

substantial increase of tensile modulus. However, FR-MWNT-PA6 suffered a 29% and 

24% reduction in ultimate tensile strength and rupture tensile strength compared to neat 

PA6. In addition, 98% reduction in tensile elongation at break was also observed for the 

FR-MWNT-PA6 nanocomposite in contrast to neat PA6. Similar changes of mechanical 

properties were also observed for polyamide 11 (Lao, Yong et al. 2010) with the addition 

of FR additives and nanoparticles (nanosilica or carbon nanofibers). 

Table 8: Mechanical properties of bulk-form neat PA6 and FR-MWNT-PA6 

nanocomposite 

 Ultimate Tensile 

Strength (MPa) 

Rupture Tensile 

Strength (MPa) 

Tensile Modulus 

(MPa) 

Tensile Elongation 

at Break (%) 

Neat PA6 Average SD Average SD Average SD Average SD 

 63.9 5.5 59.4 2.8 1436.2 71.6 230 33.2 

FR-MWNT-PA6 Average SD Average SD Average SD Average SD 

 45.3 1.2 45.2 1.2 2434.4 125.9 3.6 0.5 
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3.7 CONCLUSIONS 

The mechanical, thermal, and flammability properties of bulk-form PA6 

nanocomposite were characterized. The addition of flame retardant and MWNT additives 

decreased the tensile strength and elongation significantly. Tensile modulus, however, 

increased. This may indicate that the interfacial compatibilization between the additives 

and the PA6 needs to be improved. Thermal stability of the bulk-form PA6 

nanocomposite was reduced as well, but the amount of final residue was much higher 

than neat PA6. The bulk-form PA6 nanocomposite passed the UL 94 test and was rated 

as V-0, indicating the best flame retardancy. This preliminary study proved the synergism 

between nanoparticle and conventional flame retardant additives to achieve enhanced 

flame retardancy. SEM analyses of bulk-form FR-MWNT-PA6 nanocomposite char 

residue showed an obvious difference in morphology between the surface and the 

network of inner layers, suggesting that the combustion residue is not a closed layer 

structure. EDX analysis reveals the distinct elemental composition in terms of oxygen 

and carbon at different positions, which may be due to the high content of multi-wall 

carbon nanotube in the inner network structure and significant oxidation of carbon to 

form carbonaceous crust on the char surface. Both of the clay palates and MWNTs were 

observed for bulk-form FR-Clay-MWNT-PA6 nanocomposite residue under SEM. These 

observations need further verification with either HR SEM or TEM of char structures. 

The MCC results verified the enhanced flame retardant properties with the addition of 

both flame retardants and nanoparticles, but no obvious difference or synergism between 

MWNT and Clay was observed. 
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Chapter 4  Experimental Results of FR-PA6 Nanofibers 

4.1 ELECTROSPINNABILITY 

During electrospinning, an electrically charged jet is emitted from the tip of the 

needle. Under appropriate operating conditions, the strength of the electric field is 

adjusted to obtain a steady-state, wherein the jet accelerates in the external electric field 

to form uniform fibers. The basic process of electrospinning is constant and 

straightforward. However, processing uniform fibers could become really difficult for 

some polymers and composites, thus resulting in droplets or “beads on string” structure, 

as shown in the following images (Figure 14). Electrospinnability refers to the ability for 

a fluid to electrospin into a uniform fiber (Yu 2007). 

   

 Figure 14: Left to right: droplets, “beads-on-string”, and uniform nanofibers 

To electrospin nanofibers from-bulk form nanocomposites and observe the factors 

influencing electrospinnability, different formulations of FR-PA6 nanocomposites were 

dissolved in formic acid. 

The original PNC master batches which contained 20wt% FR, 5wt% 

nanoparticles, and 75wt% PA6 were dissolved in formic acid at a 20:80 ratio and 

magnetically stirred for 24hs. By using the solution of this composition, no uniform or 

“beads on string” fibers could be electrospun. Only droplets and splashed black spots 

were collected on the aluminum foil. 
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In order to process FR-PA6 nanofibers, two modified approaches were tested. In 

one trial, the master batch PA6 nanocomposites were dissolved in formic acid, but at the 

ratio of 10:90 and 15:85. In other words, the original solution was diluted with more 

formic acid to provide less viscous PA6 nanocomposite solutions for electrospinning. 

However, the results were very similar to what we have observed for the solution made 

from the original master batch. In addition, changing the voltage, syringe pump speed, 

and the collecting distance did not improve spinnability and only droplets could be seen 

under the optical microscope. It was therefore concluded that the lack of 

electrospinnability appeared related to the nanofiller loading in the PNC, and not to the 

viscosity of the spinning solution. Therefore, instead of adding more formic acid, the 

master batches were diluted by neat PA6, resulting in a composition of 15wt% FR, 

3.75wt% nanoparticles, and 82.25wt% PA6 and keeping the ratio of solid and formic acid 

as 20:80. The increased elasticity due to the addition of PA6 made the electrospinning of 

PA6 nanocomposite more feasible and easier, continuous and uniform nanofibers of all 

three formulations (15FR-3.75Clay-PA6, 15FR-3.75MWNT-PA6, and 15FR-

1.875MWNT-1.875Clay-PA6) could be processed and immediately collected showing as 

white or grey films. During this procedure, the tip of the needle was clean and very small 

amounts of agglomerates were formed. This offered the necessary spinning stability for at 

least 3 mins. Most importantly, the part of jet at the needle tip showed relatively stable 

Taylor cone, which is the best indicator of stable jet of electrospinning. 

The viscosity of solution is a very important impact factor of steady 

electrospinning. Adding nanoparticles substantially increase the viscosity of neat PA6; 

3.75wt% clay could bring up the viscosity to 2500 mPas, the same amount of MWNTs 

further raised the viscosity to 8000mPas, the viscosity was measured using Thermo 

Scientific Haake Rotational Viscometer. In general, lower electric fields are required to 
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maintain steady spinning for less viscous solutions with longer collecting distance and 

faster syringe pump speed. The most difficult formulation to electrospin was 15FR-

3.75MWNT-PA6 and had the highest viscosity (8000mPas). To spin this formulation, a 

voltage over 30 kV and a slow injection speed of 3µL/min were needed. In addition, the 

duration time for steady spinning of 3.75MWNT formulation was only 2 to 3 minutes. 

In summary, two factors: viscosity and elasticity were considered. In this study, 

the percentage of PA6 in the composite formulation is the most critical contributing 

factor for electrospinnability, because only if the elasticity completely suppresses the 

instability induced by the electric field, could uniform nanofibers be electrospun. 

Additionally, lower electric field strengths are required to maintain steady spinning for 

less viscous solution. In other words, there appears to be a threshold in terms of the 

percentage of PA6 and nanoparticles, which determines the viscosity and elasticity 

necessary for electrospinnability. 
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4.2 MORPHOLOGY OF FR-PA6 NANOFIBERS 

Figures 15-19 show SEM images of randomly oriented FR-PA6 nanofibers 

electrospun from a 20wt% solution. The micrographs reveal the formation of a spider-

web-like structure containing interlinked nanofibers with ultrathin diameters varying over 

a range of 100-200 nm for all FR-PA6 formulations. The formation of nano-nets was 

reported by Ding et al (Ding, Li et al. 2006) during the electrospinnig of PA6 and poly 

(acrylic acid) nanofibers. These net-like membranes were further identified in 

polyurethane/MWNT (Kimmer, Slobodian et al. 2009) and PA6/methoxy poly (ethylene 

glycol) nanocomposites (Pant, Bajgai et al. 2011). From previous publications, only 

solutions with appropriate ingredients could result in nano-nets. The mechanism of 

spider-web-like structure was proposed recently (Wang, Ding et al. 2011). 

   

Figure 15: SEM images of 15FR-PA6 nanofibers in progressive magnification 

   

Figure 16: SEM images of 20FR-PA6 nanofibers in progressive magnification 
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Figure 17: SEM images of 15FR-5MWNT-PA6 nanofibers in progressive magnification 

   

Figure 18: SEM images of 15FR-5Clay-PA6 nanofibers in progressive magnification 

   

Figure 19: SEM images of 15FR-2.5Clay-2.5MWNT-PA6 nanofibers in progressive 

magnification 

It is noted that due to the relatively large size of flame retardant particles (roughly 

1µm); it is not realistic to expect the incorporation of FR inside the electrospun 

nanofibers. Figure 20 shows the inter-fiber incorporation of flame retardant additives, the 

existence of spider-web-like structure membranes probably could improve the binding 

strength. 
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Figure 20: SEM images of interfiber incorporation of intumescent flame retardant 

additives in progressive magnification 
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4.3 MCC COMBUSTION PROPERTIES 

Table 9 summarizes combustion parameters of the electrospun nanofiber 

membranes measured using the Micro-scale combustion calorimeter (MCC). Compared 

to neat PA6, all FR-PA6 nanofiber films achieved enhanced flame retardant properties. 

As a first observation, the material’s PHRR appears to decrease gradually as FR loadings 

are increased from 0wt% (PHRR = 655.5 w/g) to 15wt% (PHRR = 428 w/g) and to 

20wt% (PHRR = 363.3 w/g). The addition of nanoparticles into the 15wt% FR-loaded 

PA6 effectively reduced its PHRR. However, in comparison with 20FR-PA6, the 

substitution of 5wt% FR with the same amount of one single type of nanoparticles 

(15FR-5MWNT-PA6 or 15FR-5Clay-PA6) does not appear to achieve as good a flame 

retardant performance (exhibiting higher HR Capacity, PHRR and total HR, see Table 9 

and Figure 21). On the other hand, when the two nanofillers are combined (2.5wt% 

MWNT and 2.5wt% Clay, formulation 6 in Figure 21), the performance achieved 

appeared similar to that of the formulation containing 20wt% FR. According to these 

results, we could preliminarily suggest the existence of a synergistic effect between 

MWNT and Clay nanofillers in improving flame-retardant properties of nanofiber films. 

However, this observation needs to be further verified by more experiments. In addition 

to the results above, it was also noted that after combustion, the amount of char residues 

from the nanoparticle-filled nanofiber films appeared to be significantly higher than the 

other samples. In addition, the temperature at maximum heat release rata (TP) is roughly 

the same for all flame retardant PA6 nanofiber films, regardless of the effect of FR 

loadings and nanoparticles. In contrast, with the worst flame retardant performance, neat 

PA6 has the relatively higher TP, indicating a slower combustion process. 
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Table 9: MCC combustion parameters of neat PA6 and FR-PA6 nanofibers 

 

 

Figure 21: MCC results of neat PA6 and FR-PA6 nanofibers 

  

Nanofibers HR Capacity(J/g-K) SD PHRR(w/g) SD HR (KJ/g) SD Temperature (°C) SD

PA6 657 17.3 655.5 18 31.4 2.1 471.4 1.1

15FR-PA6 426 9.6 428 9.7 26.5 1 465.9 0.8

20FR-PA6 364.3 3.2 363.3 4.4 25.7 0.4 465.8 0.5

15FR-5Clay-PA6 383 7 385.2 5.7 25.4 0.7 466.1 0.7

15FR-5MWNT-PA6 381.3 3.2 380.5 1.4 24.6 0.4 461.8 2.1

15FR-2.5Clay-2.5MWNT-PA6 363.7 6.2 367.6 5.6 24.5 0.3 465 0.8
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4.4 THERMAL PROPERTIES 

Thermogravimetric analysis (TGA) was performed on neat PA6 and flame 

retardant PA6 nanofibers (Figure 22) under nitrogen using a heating rate of 10°C/min. 

From the raw data, the decomposition temperature for 10% and 50% mass loss are 

summarized in Table 10. 

The decomposition temperatures of all FR-PA6 nanofibers were lower than that 

of neat PA6, in accordance with the performance of bulk-form PA6 nanocomposites 

(Chapter 3). The 10% and 50% mass loss temperatures appear to decrease gradually as 

FR loadings are increased from 0wt% (409°C, 458°C) to 15wt% (350°C, 444°C) and to 

20wt% (328°C, 433°C ). This observation further indicates that the presence of FR 

additives decreases PA6 thermal stability. In addition, the incorporation of 5wt% 

nanoparticles basically had no effect on decomposition temperatures, which is in the 

range between 330°C and 350°C. Finally, as with the bulk-form samples, the amounts of 

char residues of all flame retardant formulations were higher than that of neat PA6, which 

increased from 6.8% to nearly 10%. The 15FR-2.5Clay-2.5 MWNT-PA6 shows the 

largest quantity of char residue. 

The thermal behaviors of FR-PA6 nanofibers could be categorized into two 

groups, based on the pattern of the TGA curves (Figure 22). From Figure 22, 20FR-PA6 

and 15FR-2.5Clay-2.5MWNT-PA6 appear to belong to one group; the other three 

nanocomposite formulations constitute the second group. Therefore, the best flame 

retardant 20FR-PA6 and 15FR-2.5Clay-2.5MWNT-PA6 nanofiber films with very 

similar combustion properties (MCC) also had very consistent thermal performance. 
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Table 10: Thermal Properties of neat PA6 and FR-PA6 nanofibers 

 Decomposition Temperature(°C)  

 at 10% mass loss at 50% mass loss Residue at 700°C (%) 

Neat PA6 409 458 6.8 

15FR-PA6 350 444 9.3 

20FR-PA6 328 433 9.7 

15FR-5Clay-PA6 346 446 9.5 

15FR-5MWNT-PA6 342 447 9.4 

15FR-2.5Clay-2.5MWNT-PA6 333 438 11.4 

 

Figure 22: Sample mass (%) of neat PA6 and FR-PA6 nanofibers (TGA, scan rate 

10°C/min, in nitrogen) 
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Chapter 5  Summary, Conclusion, and Future Work 

5.1 SUMMARY AND CONCLUSION 

5.1.1 Bulk-form PA 6 nanocomposite 

Different loadings of phosphorus-containing intumescent flame retardant (FR) 

additive were melt-blended with industry standard polyamide 6 polymer. Multi-wall 

carbon nanotubes (MWNTs) and nanoclays were then incorporated into PA6 to produce 

nanoparticle/FR-PA6 nanocomposites. Thermal, flammability properties, and char 

residue morphology of FR-MWNT-PA6 and FR-Clay-MWNT-PA6 nanocomposites 

were characterized, and the mechanical properties of FR-MWNT-PA6 nanocomposite 

were measured. 

Thermal stability of both FR-MWNT-PA6 and FR-Clay-MWNT-PA6 

nanocomposites was weakened compared with neat PA6, showing an accelerated 

degradation process and a decreased mass loss temperature. However, the larger amount 

of final char residues and the enhanced char strength were expected to improve the flame 

retardant property through a physical-barrier mechanism. 

Both the FR-MWNT-PA6 and FR-Clay-MWNT-PA6 nanocomposites passed the 

UL 94 flammability test and were rated as V-0, indicating the best flame retardancy. In 

comparison with results reported in the literature where only nanoparticles were added 

(MWNT-PA6 or Clay-PA6), this study proved that synergism exists between the 

nanoparticles and intumescent flame retardant additives to achieve enhanced flame 

retardant performance. 

SEM images of FR-MWNT-PA6 and FR-MWNT-Clay-PA6 char formation 

showed that the char residue is a hollow structure because of the swelling behavior of 

intumescent flame retardant additives. In the FR-MWNT-PA6 specimens, an obvious 
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difference in morphology was observed between the char surface and the network of 

inner layers. Energy-dispersive X-ray spectroscopic analysis of the char revealed the 

distinct elemental composition in terms of oxygen and carbon at different positions. This 

observed phenomenon may be due to the high content of MWNTs in the inner network 

structure and significant oxidation of carbon to form carbonaceous crust on the char 

surface. 

Enhanced flame retardant properties were achieved with the addition of flame 

retardants and nanoparticles. In addition, the final char residue of the nanoparticle-filled 

formulations was about 10%, substantially higher and stronger than that of neat PA6 

char. However, it should be noted that all of the enhanced flame retardant formulations 

accelerate the thermal degradation process. Among the three nanocomposites, the 20FR-

5Clay-PA6 formulation shows the best results in the bulk-form samples. In general, there 

was no significant difference of flame retardancy among the three nanocomposites; they 

all remarkably improved the flame retardant property. With the same loading of 

nanoparticles, all of the 20 wt% FR formulations exhibit better flame retardant property 

than that of 15wt% FR ones. However, the temperature at maximum heat release dropped 

as FR and nanoparticles were added, which was very likely due to the effect of FR 

additive. 

The mechanical properties of FR-MWNT-PA6 nanocomposite were measured. 

The addition of flame retardant additives and MWNTs decreased the tensile strength and 

elongation properties significantly. Tensile modulus, however, increased substantially. 

This may indicate that the interfacial compatibility between the additives and the PA6 

matrix needs to be improved. 
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5.1.2 PA6-based nanofibers  

The incorporation of nanofillers in PA6 decreased its elasticity, and largely 

increased solution viscosity from 400mPas to 8000 mPas. These changes impacted its 

electrospinning behavior; thus the original 20FR-5MWNT-75PA6 polymer 

nanocomposite was not electrospinnable. In this study, the elasticity of the 

nanocomposite solution (the percentage of PA6) was identified as the most critical factor 

impacting electrospinnabilty. Indeed, spinning consistent fibers of uniform appearance is 

only possible if the elastic forces could completely suppress the instability generated by 

the electric field. Additionally, lower electric field strengths are required to maintain 

steady spinning for less viscous solutions, and vice versa. 

Randomly oriented FR-PA6 nanofiber films electrospun from a 20wt% solution 

present a uniform diameter distribution based on the observation of SEM images, varying 

in a range of 100-200nm. SEM images also showed clearly how the inter-fiber 

incorporation of flame retardant additives was achieved. The formation of spider-web-

like structure membranes containing interlinked nanofibers with ultrathin diameters was 

observed for all FR-PA6 formulations. 

Compared to neat PA6, all FR-PA6 nanofiber films achieved enhanced flame 

retardant properties. The material’s PHRR appears to decrease gradually as FR loadings 

are increased from 0wt% to 15wt% then further to 20wt%. Even though the addition of 

nanoparticles into the 15wt% FR-loaded PA6 effectively reduced its PHRR, the 

substitution of 5wt% FR with the same amount of one single type of nanoparticles does 

not appear to achieve as good a flame retardant performance as 20FR-PA6. On the other 

hand, the existence of a synergistic effect between MWNT and Clay could be 

preliminarily suggested, since the combination of two nanofillers achieved similar 

performance to that of the formulation containing 20wt% FR. In addition, the temperature 
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at maximum heat release (TP) is roughly the same for all flame retardant PA6 nanofiber 

films, regardless of the effect of FR loadings and nanoparticles. 

5.2 IMPLICATIONS AND FUTURE WORK 

In PA6, the synergism between nanoparticles (MWNT and Clay) and FR shows 

the potential for further enhancement of flame retardancy. Promisingly, with proper FR 

additive, the synergism between MWNT and clay was also present in nanofiber films. 

Since only MCC results based on three replicates confirmed this conclusion, the 

synergistic effect needs to be further investigated. The thin web made of FR nanofibers 

has limited mechanical properties due to its very small diameter and thickness. Therefore, 

the formation of a composite laminate by incorporating FR nanofiber films with a 

substrate fabric is suggested to provide appropriate mechanical properties and 

complementary functionality. The flammability of FR nanofiber incorporated fabrics will 

be evaluated by MCC and fabric vertical burning test. 

In addition, FR additives reduced the mechanical properties of polymer matrix 

considerably. For fabric manufacturing, at least a moderate elongation is required. To 

address this issue, it is suggested that future studies include the addition of a 

thermoplastic elastomer component that is compatible with PA6, FR additive and 

nanoparticles, in order to improve the flexibility of PA6-based flame retardant 

nanocomposite system. 

Finally, the mechanical properties of electrospun nanofibers were not 

characterized in this study because of the limited capability of processing highly aligned 

and continuous nanofibers. The most feasible approach to produce highly oriented 

nanofibers is to incorporate a modified collector, for instance based on a rotating drum. 

However, the stability of electrospinning for all formulations containing any sizeable 
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amount of nanofillers is another significant constraining factor. The issue of spinnability 

of the polymer nanocomposite formulations is therefore to be considered in more depth in 

future research. 



 46 

References 

Bocchini, S., A. Frache, et al. (2007). "Polyethylene thermal oxidative stabilization in 

carbon nanotubes based nanocomposites." European polymer jounal 43(8): 3222-

3235. 

Bourbigot, S., S. Duquesne, et al. (2008). "Polymer nanocomposites with and without 

conventional flame retardants: reaction to fire and synergy." molecular crystals 

and liquid crystals 486(1): 325-339. 

C.W. Brabender Instruments, I. "Half Size Mixer." 

Chen, Y., Z. Fang, et al. (2009). "Effect of Clay dispersion on the synergism between 

clay and intumescent flame retardants in polystyrene." Journal of applied polymer 

science 115. 

Chigwada, G. and C. A. Wilkie (2003). "Synergy between conventional phosphorus 

fire  retardants and organically-modified clays can lead fire retardancy of 

styrenics." Polymer Degradation and Stability 81(3): 551-557. 

Ding, B., C. Li, et al. (2006). "Formation of novel 2D polymer nanowebs via 

electorspinning." Nanotechnology 17(15): 3685-3691. 

Du, B. and Z. Fang (2011). "Effects of carbon nanotubes on the thermal stability and 

flame retardancy of intumescent flame-retarded polypropylene." Polymer 

degradation 96(10): 1725-1731. 

Fong, H., W. Liu, et al. (2002). "Generation of electrospun fibers of nylon 6 and nylon 6-

montmorillonite nanocomposite." Polymer 43(3): 775-780. 

Gao, F., G. Beyer, et al. (2005). "A mechanistic study of fire retardancy of carbon 

nanotube/ethylene vinyl acetate copolymers and their clay composites." Polymer 

degradation and stability 89(3): 559-564. 

Gilman, J. W., T. Kashiwagi, et al. (1997). Nanocomposites: A revolutionary new flame 

retardant approach. 42nd International SAMPE Symposium, Anaheim, CA. 

Hapuarachchi, T. D., E. Bilotti, et al. (2011). "The synergistic performance of 

multiwalled carbon nanotubes and sepiolite nanoclays as flame retardants for 

unsaturated polyester." Fire and Materials 35(3): 157-169. 

Hapuarachchi, T. D. and T. Peijs (2010). "Multiwalled carbon nanotubes and sepiolite 

nanoclay as flame retardants for polylactide and its natural fiber reinforced 

composites." Composites 41(8): 954-963. 

Ho, D. W. K., J. H. Koo, et al. (2007). "Kinetics and Thermophysical Properties of 

Polymer Nanocomposites for Solid Rocket Motor Insulation." Journal of 

Spacecraft and Rockets 46(3): 526-544. 



 47 

Hong, J. H., E. H. Jeong, et al. (2005). "Electrospinning of Polyurethane/Organically 

Modified Montmorillonite Nanocomposites." Journal of Polymer Science: Part B: 

Polymer Physics 43(22): 3171-3177. 

Horrocks, A. R. (2011). "Flame retardant challenges for textiles and fibres: New 

chemistry versusinnovatory solutions." Polymer degradation and Stability 96: 

377-392. 

Hu, Y., S. Wang, et al. (2003). "Preparation and Combustion Properties of Flame 

retardant nylon 6/Montmorillonite Nanocomposite." Macromolecular Materials 

and Engineering 288(3): 272-276. 

Im, J. S., S. K. Lee, et al. (2010). "Improved flame retardant properties of epoxy resin by 

fluorinated MMT/MWCNT additives." Journal of analytical and applied pyrolysis 

89(2): 225-232. 

Isitman, N. A. and C. Kaynak (2010). "Nanoclay and carbon nanotubes as potential 

synergists of an organophosphorus flame-retardant in poly(methyl methacrylate)." 

Polymer Degradation and Stability 95(9): 1523-1532. 

Jang, B. N. and C. A. Wilkie (2005). "The effect of clay on the thermal degradation of 

polyamide 6 in polyamide 6/clay nanocomposites." Polymer 46(10): 3264-3274. 

Jeong, J. S., S. Y. Jeon, et al. (2006). "Fabrication of MWNTs/nylon conductive 

composite nanofibers by electrospinning." Diamond & Related Materials 15(11-

12): 1839-1843. 

Jeong, J. S., J. S. Moon, et al. (2007). "Mechanical properties of electrospun 

PVA/MWNTs composite nanofibers." Thin Solid films 515(12): 5136-5141. 

Ji, H. M., H. W. Lee, et al. (2009). "Electrospinning and characterization of medium-

molecular-weight poly(vinly alcohol)/high-molecular-weight poly(vinyl 

alcohol)/montmorillonite nanofibers." Colloid Polymer Science 287(7): 751-758. 

Ji, Y., B. Li, et al. (2006). "Structure and Nanomechanical Characterization of 

Electrospun PS/Clay Nanocomposite Fibers." Langmuir 22(3): 1321-1328. 

Karim, M. R., H. W. Lee, et al. (2009). "Preparation and Characterization of electrospun 

pullulan/montmorillonite nanofiber mats in aqueous solution." Carbohydrate 

Polymers 78(2): 336-342. 

Kashiwagi, T., F. Du, et al. (2005). "Nanoparticle networks reduce the flammability of 

polymer nanocomposites." Nature materials 4: 928-933. 

Kashiwagi, T., E. Grulke, et al. (2004). "Thermal and flammability properties of 

polypropylene/carbon nanotube nanocomposite." Polymer 45(12): 4227-4239. 

Kashiwagi, T., E. Grulke, et al. (2002). "Thermal degradation and flammability 

properties of poly(propylene)/Carbon Nanotube Composites." Macromolecular 

Rapid Communications 23(13): 761-765. 



 48 

Kashiwagi, T., R. H. Harris Jr, et al. (2004). "Flame retardant mechanism of polyamide 

6-clay nanocomposites." Polymer 45(3): 881-891. 

Kashiwagi, T., M. Mu, et al. (2008). "Relation between the viscoelastic and flammability 

properties of polymer nanocomposite." Polymer 49(20): 4358-4368. 

Kimmer, D., P. Slobodian, et al. (2009). "Polyurethane/multiwalled carbon nanotube 

nanowebs prepared by an electrospinning process." Journal of Applied Polymer 

Science 111(6): 2711-2714. 

Koo, J. H., L. A. Pilato, et al. (2007). "Polymer Nanostructured Materials for Propulsion 

Systems." Journal of Spacecraft and Rockets 44(6): 1250-1262. 

Lao, S. C., C. Wu, et al. (2009). "Flame-retardant Polyamide 11 and 12 Nanocomposites: 

Thermal and Flammability Properties." Journal of Composite Materials 43(7): 

1803-1818. 

Lao, S. C., W. Yong, et al. (2010). "Flame-retardant Polyamide 11 and 12 

Nanocomposites:Processing, Morphology , Mechanical Properties." Journal of 

Composite Materials 44(25): 2933-2951. 

Lee, H. W., M. R. Karim, et al. (2008). "Electrospinning Fabrication and Characterization 

of poly(vinyl alcohol)/Montmorillonite Nanofiber Mats." Journal of Applied 

Polymer Science 113(3): 1860-1867. 

Li, J., L. Tong, et al. (2006). "Thermal degradation behavior of multi-walled carbon 

nanotubes/polyamide 6 composites." Polymer Degradation and Stability 91: 2046-

2062. 

Li, L., L. M. Bellan, et al. (2006). "Formation and properties of nylon-6 and nylon-

6/montmorillonite composite nanofibers." Polymer 47(17): 6028-6217. 

Liu, Y., J.-S. Wang, et al. (2009). "The synergistic flame-retardant effect of O-MMT on 

the intumescent flame retardant PP/CA/APP systems." Polymer advanced 

Tehnologies 21(11): 789-796. 

Lu, H. and C. A. Wilkie (2010). "Study on intumescent flame retarded polystyrene 

composites with improved flame retardancy." Polymer degradation and stability 

95(12): 2388-2395. 

Lu, P. and Y.-L. Hsieh (2010). "Multiwalled carbon nanotube(MWCNT) reinforced 

cellulose fibers by electrospinning." Applied Materials and Interfaces 2(8): 2413-

2420. 

Ma, H., L. Tong, et al. (2007). "Synergistic effect of carbon nanotube and clay for 

improving the flame retardancy of ABS resin." Nanotechnology 18(37): 1-8. 

Ma, H.-y., L.-f. Tong, et al. (2008). "Functionalizing Carbon Nanotubes by grafing on 

intumescent flame retardant: Nanocomposite synthesis , morphology  , reology, 

and flammability." Advanced functional materials 18(3): 414-421. 



 49 

Mahfuz, H., A. Adnan, et al. (2006). "Enhancement of strength and stiffness of Nylon 6 

filaments through carbon nanotubes reinforcement." Applied Physics Letters 88: 

083119. 

Mazinani, S., A. Ajji, et al. (2010). "Fundamental study of crystallization, orientation, 

and electrical conductivity of electrospun PET/Carbon nanotube nanofibers." 

Journal of Polymer science: Part B: Polymer physics 48(19): 2052-2064. 

Morgan, A. B. (2006). "Flame retarded polymer layered silicate nanocomposites: a 

review of commercial and open literature systems." Polymer for advanced 

technolgies 17(4): 206-217. 

Pant, H. R., M. P. Bajgai, et al. (2011). "Electrospun nylon-6 spider-like nanofiber mat 

containing TiO2 nanoparticles: A multifunctional nanocomposite textile 

material." Journal of Hazardous Materials 185(1): 124-130. 

Park, J. H., H. W. Lee, et al. (2009). "Electrospinning and characterization of poly(vinyl 

alcohol)/chitosan oligosaccharide/clay nanocomposite nanofibers in aqueous 

solutions." Colloid Polymer Science 287(8): 943-950. 

Peeterbroeck, S., M. Alexandre, et al. (2004). "Polymer-layered silicate-carbon nanotube 

nanocomposites: unique nanofiller synergistic effect." Composites Science and 

Technology 64(15): 2317-2323. 

Peeterbroeck, S., F. Laoutid, et al. (2007). "Mechanical Properties and Flame-Retardant 

Behavior of Ethylene Vinly Acetate/High-Density Polyethylene Coated Carbon 

Nanotube Nanocomposites." Advanced Functional Materials 17: 2787-2791. 

Qin, H., S. Zhang, et al. (2005). "Flame retardant mechanism of polymer/clay 

nanocomposites based on polypropylene." Polymer 46(19): 8386-8395. 

Ramakrishna, S., K. Fujihara, et al. (2006). "Electrospun nanofibers: solving global 

issues." Materialstoday 9(3): 40-50. 

Saeed, K. and S.-Y. Park (2007). "Preparation of Multiwalled Carbon Nanotube/Nylon-6 

Nanocomposites by In Situ Polymerization." Journal of Applied Polymer Science 

106: 3729-3735. 

Saeed, K. and S.-Y. Park (2010). "Preparation and Characterization of multiwalled 

carbon nanotubes/polyacrylontitrile nanofibers." Journal of polymer research 

17(4): 535-540. 

Saeed, K. and S.-Y. Park (2011). "Multiwalled-carbon nanotubes/Poly(butylene 

terephthalate) Nanofibers: Morphological, Mechanical, and Thermal Properteis." 

Iranian Polymer Journal 20(10): 795-802. 

Saeed, K., S.-Y. Park, et al. (2009). "In situ polymerization of Multi-Walled Carbon 

Nanotube/Nylon-6 Nanocomposites and Their Electrospun Nanofibers." 

Nanoscale Research Letters 4: 39-46. 



 50 

Saeed, K., S.-Y. Park, et al. (2006). "Preparation of electrospun nanofibers  of carbon 

nanotube/polycaprolactone nanocomposite." Polymer 47(23): 8019-8025. 

Saeed, K., S.-Y. Park, et al. (2009). "In situ polymerization of multi-walled carbon 

nanotube/nylon-6 nanocomposites and their electrospun nanofibers." Nanoscale 

Research Letters 4(1): 39-46. 

Schartel, B., U. Braun, et al. (2008). "Mechanical, Thermal , and Fire Behavior of 

Bisphenol A polycarbonate/Multiwall Carbon Nanotube Nanocomposite." 

Polymer Engineering and Science 48(1): 149-158. 

Schartel, B., P. Potschke, et al. (2005). "Fire behaviour of polyamide 6/multiwall carbon 

nanotube nanocomposites." European polymer journal 41(5): 1061-1070. 

Shami, Z. and N. Sharifi-Sanjani (2010). "The Role of Na-Montmorillonite on Thermal 

Characteristics and Morphology of Electrospun PAN Nanofibers." Fibers and 

Polymers 11(5): 695-699. 

Smith, W. C. (1999) "High Performance and High Temperature Resistant Fibers-

Emphasis on Protective Clothing." 17. 

Song, L., Y. Hu, et al. (2004). "Preparation and properties of halogen-free flame-retarded 

polyamide 6/organoclay nanocomposite." Polymer Degradation and Stability 86: 

535-540. 

Song, L., Y. Hu, et al. (2004). "Study on the properties of flame retardant 

polyurethane/organoclay nanocomposite." Polymer Degradation and Stability 

87(1): 111-116. 

Song, L., Y. Hu, et al. (2005). "Study on the properties of flame retardant 

polyurethane/organoclay nanocomposite." Polymer Degradation and Stability 

87(1): 111-116. 

Tong, L., H.-y. Ma, et al. (2008). "Thermal decomposition and flammability of 

acrylonitrile-butadiene-styrene/multi-walled carbon nanotubes composites." 

Chinese journal of polymer science 26(3): 331-339. 

UL 94, Tests for Flammability of Plastic Materials for Parts in Devices and Appliance. 

Underwires Laboratoreis Inc., Northbrook, IL. 

Wang, S., Y. Hu, et al. (2004). "Preparation and Characterization of flame retardant 

ABS/montmorillonite nanocomposite." Applied Clay Science 25(1-2): 49-55. 

Wang, X., B. Ding, et al. (2011). "Large-scale fabrication of two-dimensional spider-

web-like gelatin nano-nets via electro-netting." Colloids and Surface B: 

Biointerfaces 86(2): 345-352. 

Wang, Z.-y., E.-h. Han, et al. (2006). "Fire-resistant effect of nanoclay on intumescent 

nanocomposite coatings." Journal of Applied Polymer Science 103(3): 1681-

1689. 



 51 

Weil, E. D. and S. V. levchik (2008). "Flame retardants in commercial use or 

development for textiles." Journal of fiber sciences 26: 243-280. 

Yang, C. Q. and Q. He (2011). "application of micro-scale combustion calorimetry to the 

studies of cotton and  nylon fabrics treated with organophosphorus flame 

retardants." Journal of analytical and applied pyrolysis 91(1): 125-133. 

Yu, J. (2007). Electrospinning of Polymeric Nanofiber Materials: Process 

Characterization and Unique Applications. Doctor of Philosophy, Massachusetts 

Institute of Technology. 

Zhang, J., M. Lewin, et al. (2008). "Flame retarding polyamide 6 with melamine 

cyanurate and layered silicates." Polymer for advanced technologies 19(7): 928-

936. 

 

 


