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Abstract 

Nanocomposites of polyamide 6 with 5 wt.-% multiwall carbon nanotubes are 

investigated to clarify their potential as regards the fire retardancy of polymers. The 

nanocomposites are investigated using SEM, electrical resistivity, and oscillatory shear 

rheology. The pyrolysis is characterized using thermal analysis. The fire behaviour is 

investigated with a cone calorimeter using different external heat fluxes, by means of the 

limiting oxygen index and the UL 94 classification. The fire residue is characterized using SEM. 

The comprehensive fire behaviour characterization not only allows the materials’ potential for 

implementation in different fire scenarios and fire tests to be assessed, but also provides detailed 

insight into the active mechanisms. The increased melt viscosity of the nanocomposites and the 

fibre-network character of the nanofiller are the dominant mechanisms influencing fire 

performance. The changes are found to be adjuvant with respect to forced flaming conditions in 

the cone calorimeter, but also deleterious in terms of flammability. 
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1. Introduction 
 

 
Nanotechnology is believed to harbour the potential to become a key technology, 

especially since two different promising major approaches can be observed in this field: First, 

miniaturization beyond the micrometer scale into the nanoscale; and second, the exploitation of 

“new” effects that arise from nanostructured materials. For both approaches carbon nanotubes 

(CNT), due to their unique structure and properties, appear to offer quite promising potential for 

industrial application. Furthermore, they are ideal model systems for fundamental  research. 

CNT are ideal components for bottom-up approaches, in which special production tools are used 

to construct nanoscaled functional devices. Furthermore, as prices decrease, they also become 

increasingly affordable for use in structural materials such as polymer composites, and therefore 

in many large-scale applications today. Indeed, three applications of multiwall carbon nanotube 

polymer composites have been discussed recently: First, antistatic or conductive materials [1, 2]; 

second, mechanically reinforced materials [3, 4, 5]; and third, flame retarded materials [6, 7, 8, 

9]. It should be noted that these polymer composites show a clear nanoscience character, since 

the effects explored are caused by their nanoscaled structure. Indeed, analogously microscaled 

composites show no comparable improvement at all in terms of the relevant properties. The 

success of carbon nanotubes in the field of antistatic or conductive materials is based on the 

extraordinary electrical properties of nanotubes and their special geometry, which enables 

percolation at very low concentrations of nanotubes in the polymeric matrix [10]. The idea of 

using carbon nanotubes as powerful nanofibres for mechanical reinforcement is analogous to the 

concept of molecular reinforcement [11, 12, 13], but the achievements based on carbon 

nanotubes in this field so far seem to have fallen short of the high expectations in the field, 

probably due to insufficient orientation and molecular stress/strain transfer between the matrix 

and the nanotubes. That carbon nanotubes turn out to be effective as a flame retardant in 

polymers is quite astonishing, since there is no obvious explanation for this effect. The 

comparison between the effect achieved with carbon nanotube polymer nanocomposite and 

layered silicate nanocomposite shown by Beyer [6] and by Kashiwagi et al. [7] probably 

generates more scientific questions than conclusive answers, as carbon nanotubes can hardly 
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form closed residue layers protecting the polymer surface, and their molecular fibre geometry 

should be inferior to the plate geometry of layered silicate with respect to gas barrier properties. 

Hence, Kashiwagi et. al. recently proposed alternative ideas [9] as to how nanotubes may 

influence the fire behaviour of polypropylene by changing energy absorption and heat 

conductivity. 

This paper makes an essential contribution by investigating which mechanisms are active 

in multiwall carbon nanotube / polymer composites that influence their fire properties. A 

comprehensive characterization of fire behaviour was performed for a polyamide 6 (PA 6) 

system. The comprehensive characterization of the fire behaviour of multiwall carbon nanotube 

/ polymer nanocomposites constitutes an inspiring contribution to the scientific discussion in 

general. Furthermore, it erects a suitable foundation for outlining potential future directions for 

the field. 

 

2. Experimental 
 

 
2.1 Materials 

 

 
A masterbatch of 20 wt.-% multiwall carbon nanotubes (MWNT) in PA 6 was obtained 

in pellet form from Hyperion Catalysis International (Cambridge, USA). The nanotubes are 

vapour-grown and typically consist of eight to fifteen graphitic layers wrapped around a hollow 

5-nanometer core. They are produced as agglomerates and exist as curved, intertwined 

entanglements [14]. Typical diameters range from 10-15 nanometers [15], with lengths reported 

by the producer to be in the range between 1 and 10 microns. Their density is approximately 

1.75 g/cm3 [14]. 

The masterbatch was diluted with a polyamide-6 Capron B73WP supplied by 

Honeywell (formerly Allied Signal Inc., Morristown, USA) to obtain the concentration of 5 wt.- 

% nanotubes in polyamide. The materials were dried in a vacuum oven at 353K for a minimum 

of 16 hours. Extrusion was performed using a Haake (Karlsruhe, Germany) co-rotating, 

intermeshing  twin-screw  extruder  (D=30  mm,  L/D=10)  under  conditions  similar  to  those 
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described in [15]. Polyamide, masterbatch, and the compound were compression-moulded at 

533 K into bars of 65 mm x 13 mm x 3 mm, which were used for the UL 94 tests. Bars cut to a 

width of 6.5 mm were used for measurements of the limiting oxygen index. For rheological and 

cone calorimeter investigations, additional composite material was extruded using a Brabender® 

PL-19 (Duisburg, Germany) laboratory single-screw extruder (D=19 mm, L/D=25). Prior to 

rheological measurements, pellets were dried again and compression-moulded at 513 K into a 

1mm-thick sample with a diameter >25mm using the ARES rheometer itself. Samples for the 

cone calorimeter investigations (100 mm x 100 mm, 6 mm thick) were prepared from pellets 

using a hydraulic press (Bucher plastics press KHL 100, Bucher-Guyer, Niederweningen, 

Switzerland) with two plates heated to 533 K and subjected to 14.7 MPa pressure for 2 minutes. 

 

2.2 Methods 
 

 
The TG set-up consisted of a TG/DTA 220 (Seiko, Thermo Haake, Karlsruhe, 

Germany). The investigations were performed in the temperature range of 298 K - 1173 K under 

air at a flow rate of 200 ml/min. A heating rate of 10 K/min was applied. The sample mass was 

around 12 mg. 

Cone calorimeter (Fire Testing Technology, East Grinstead, UK) tests were performed 

on the fire behaviour in compliance with ASTM E 1354 / ISO 5660. Different external heat 

fluxes were applied (30, 50 and 70 kW/m2) and samples were measured in the horizontal 

position. The retainer frame was used in order to reduce unrepresentative edge burning. The 

decreased surface area was taken into account for data evaluation. All measurements were done 

in duplicate. The Limiting Oxygen Index (LOI) was determined using an apparatus according to 

ASTM 2863 / ISO 4589 (Stanton Redcroft, East Grinstead, UK). A vertical UL 94 test was 

carried out using a Plastics HVUL Horizontal Vertical Flame chamber (Atlas Fire Science 

Products, Chicago, USA) according to ASTM 635 / ISO 1210. For LOI and UL94 tests the 

number of samples did not comply with the standards; therefore, test results are only comparable 

to the standards. 
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Scanning electron microscopy (SEM) was performed with a low-voltage electron- 

scanning microscope DSM 982 GEMINI (Carl Zeiss Oberkochen, Germany) using the 

secondary electron detector at voltages of 1 keV. In addition, investigations were performed 

using a LEO VP 1530 microscope (Leo, Oberkochen, Germany) at 4 keV using the in-lens 

signal. Because of their conductivity, the test samples were investigated without sputtering. 

The rheological measurements were performed using an ARES-rheometer (Rheometric 

Scientific Inc., Piscataway, USA) in the dynamic mode, on parallel-plate geometry with a 

diameter of 25 mm and a gap of around 1 mm. The measuring temperatures were 513 K, 553 K 

and 553 K and frequencies ranged from 100 to 0.1 rad/s at a strain within the linear viscoelastic 

range. 

 
 

 
3. Results and discussion 

 

 
3.1 Composite morphology 

 

 
The masterbatch (20 wt.-% MWNT) used for the dilution in order to obtain a 5 wt.-% 

MWNT composite showed a highly entangled structure of the curved tubes as was illustrated 

with SEM on cryofractures (Fig. 1a). The composite with 5 wt.-% MWNT showed a 

homogeneous dispersion of the MWNT in the PA 6 matrix, as illustrated in Fig. 1b. The MWNT 

forms an interconnected network structure, as was evident from electrical resistivity 

measurements leading to volume resistivity values in the range of 1 E8 Ohm·cm; pure PA 6 is 

insulating, with a volume resistivity of 1 E15 Ohm·cm. The higher percolation threshold in PA 6 

composites than in PC composites [15, 16] indicated a less homogeneous dispersion and some 

tendency of MWNT to agglomerate in PA 6. The volume resistivity measured for the 5 wt.-% 

composite corresponds well to values reported by Meincke et al. [17] using the same kind of 

masterbatch. However, a good dispersion of the nanotubes was also proven by the rheological 

results, which are discussed in detail below. 
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Fig. 1. SEM on cryofractures of a) masterbatch (PA 6 / 20 wt.-% composite) b) PA 6 / 5 wt.-% 

MWNT composite. 

 

3.2 Thermal decomposition 
 

 
The results from the thermal analysis of PA 6 and PA 6 / 5 wt.-% MWNT composite are 

summarized in Fig. 2 and Table 1. Hardly any significant change in decomposition was 

observed apart from thermal stable residue for the composite, which corresponded well with the 

nanotube content. Both materials showed a mass loss release like that of 2 wt.-% between 400 

and 600 K, which corresponded well to the release of the water content typical for PA 6. The 

same sharp single-step decomposition process was observed for both samples between 620 and 

770 K, with a DTG maximum of 732 K. The DTA signal of the composite seemed to be 

increased slightly and may indicate a hindered release, but strictly speaking the effect may not 

be meaningful at all. Any significant influence on the thermal decomposition behaviour of PA 6 

was ruled out. Therefore it was concluded that nanotubes in PA 6 merely acted as inert filler 

with respect to thermal decomposition. The melting point was very slightly reduced for the 

composite and the melting enthalpy was reduced about 25 %. Hence, the crystallization of PA 6 

is influenced by the presence of nanotubes, which probably act as crystallite nuclei. 

 

Fig. 2. Thermal analysis of PA 6 and PA 6 / 5 wt.-% MWNT composite. 

Table 1 

Thermal analysis of PA 6 and PA 6 / 5 wt.-% MWNT nanocomposite 
 

 
3.3 Fire behaviour under forced flaming conditions 

 

 
Fig. 3 displays typical results obtained for the total heat evolved and the heat release rate 

of the PA 6 / 5 wt.-% MWNT composites as compared to PA 6, with different external heat 

fluxes applied in the cone calorimeter. The total heat evolved and the peak of heat release rate 

are two of the most important fire behaviour characteristics, corresponding to total fire load and 
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flame spread, respectively. The influence of different external heat fluxes was examined in order 

to investigate fire behaviour for different fire conditions [18]. During combustion composites 

showed a stable flame above the polymer surface and an additional thermal stable residue 

according to the nanotube content. This observation corresponded well to the results of thermal 

analysis presented. The stable flame consumed oxygen efficiently, so that anaerobe pyrolysis 

took place in the condensed phase and MWNT acted as an inert filler of the polymer during 

combustion. When the polymer material was consumed, PA 6 samples showed a rather abrupt 

flame-out, which was indicated by a quick decrease of the heat release rate to zero. The flame- 

out of the PA 6 / MWNT was not as abrupt and was followed by a thermo-oxidative 

decomposition of the MWNT, accompanied by a slight heat release rate for some minutes. At 

the end of the test no significant residue was found, since the polymer was consumed during the 

anaerobe pyrolysis which fed the flame, and since the MWNT was consumed in the subsequent 

thermo-oxidative decomposition. No significant change in total heat evolved was found for any 

of the samples, since the effects observed did not exceed the error margin of the total heat 

evolved. It was concluded that no charring mechanism was active in the condensed phase 

beyond the 5 wt.-% MWNT. In contrast to total heat evolved, the peak of heat release rate and 

time to ignition (Fig. 4), which is obviously a characteristic of ignitability, showed significant 

changes when MWNT was used. With increasing external heat fluxes, time to ignition decreased 

and heat release rates increased for all samples, since the energy impact per time unit was 

increased. For the PA 6 / MWNT composites, time to ignition was greater and the peak of heat 

release rate was lower than for PA 6 at the same external heat flux (Fig 4). The absolute 

difference between composite and polymer in time to ignition and in peak of heat release rate 

decreased with increasing external heat flux. Since the thermal analysis did not deliver any 

convincing argument as to why the time to ignition should be changed, e.g. a temperature shift 

or a change in the mass loss rate, it was concluded that a change of physical properties such as 

improved thermal conductivity or increased melt viscosity may have caused the improvement in 

terms of time to ignition. 

Comparison of the heat release rate of the PA 6 and PA 6 / MWNT at 30 kW/m2 made 

apparent the main fire retardant effect of MWNT composites. The heat release rate curve typical 
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for PA 6 at 30 kW/m2 was changed into a curve shape associated with systems like layered 

silicate polymer nanocomposites [19]. The heat release rate increased up to a plateau value, 

which is nearly constant until flame-out. It should be noted that this curve shape is not typical 

for all charring systems or materials that show growing inorganic surface layers, since for many 

of these systems a maximum value was observed after the initial increase, followed by a slightly 

decreasing heat release rate [18, 20]. It was proposed that this difference may be related to the 

formation of closed surface layers, as opposed to the surface layers with cracks and 

imperfections [19] observed for layered silicates in non-charring polymers. Hence, the fire 

behaviour of MWNT composites was influenced more by the consolidation of an interconnected 

network structure than by a growing layer of closed surface. Therefore, the interpretation and 

some kind of comparison to layered silicate were plausible. Furthermore, the results for an 

external heat flux of 30 kW/m2 corresponded well to the conclusion drawn from studies 

previously published for PE/MWNT, EVA/MWNT and PP/MWNT [6, 7, 8, 9]. 

Now, as the fire behaviour of a polymer / MWNT composite at different external heat 

fluxes is being characterized for the first time, these conclusions must be revised significantly. 

The fire retardancy effect of PA 6 / MWNT composites vanished almost completely with 

increasing external heat flux. The shape of the heat release rate curves of PA 6 and the 

corresponding characteristic values converged to those of and PA 6 / MWNT with increasing 

external heat flux. In contrast to this, layered silicate nanocomposites showed an increasing 

flame retardancy effect for increasing external heat flux [19, 20, 21]. Therefore, nanotube and 

layered silicate nanocomposites differ clearly in terms of mechanisms, structure property 

relationships, and resulting fire retardancy. In conclusion we propose that the barrier properties 

influencing the fire behaviour of MWNT composites are caused by viscosity effects that hinder 

the release of pyrolysis products. Increasing external heat fluxes stand for an increasing energy 

impact resulting in increasing product release rates and increasing pyrolysis temperatures. The 

increasing product release rate is accomplished through increased diffusion or bubbling, both 

accompanied by increasing shear stresses in the melt. Therefore the reduction of the flame 

retardancy effect with increasing external heat fluxes was caused by the decrease in the viscosity 
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difference between PA 6 / MWNT and PA 6 at increasing shear rates, as will be discussed in the 

following sections. 

 

Fig. 3. Total heat evolved and heat release rate of PA 6 and PA 6 / 5 wt.-% MWNT for different 

external heat fluxes plotted against time. 

Fig. 4. Peak of heat release rate and time to ignition of PA 6 and PA 6 / 5 wt.-% MWNT plotted 

against external heat flux. 

 

Fig. 5 illustrates the effective heat of combustion for the different measurements. It 

seemed that the effective heat of combustion was slightly increased for PA 6 / MWNT (average 

value = 29.4 ± 1.0 MJ/kg) in comparison to PA 6 (averaged value = 28.6 ± 1.0 MJ/kg), 

especially for lower external heat fluxes. However the effect is in the same order of magnitude 

as the error of the determination. It was reported previously that such a small increase of heat of 

combustion can be attributed to slightly better ventilated combustion caused by a mass transport 

barrier in cone calorimeter measurements [18, 22]. The similar effective heat of combustion 

ruled out any relevant gas phase mechanism. This conclusion also fitted well with the CO 

production, which was not significantly different for PA 6 than for PA 6 / MWNT during the 

burning interval with a stable flame. However, after flame-out, the subsequent thermo-oxidation 

of the MWNT residue produced a large additional amount of CO in the case of the composites. 

Indeed total CO production due to the thermo-oxidation of the MWNT residue, which 

corresponded only to the 5 wt.-% samples, was two times greater than the CO production during 

the burning of the polymer. Therefore, the CO yield was clearly higher for the thermo-oxidation 

of the MWNT than for the combustion of the polymer. 

Smoke production was the same for both materials investigated at high external heat 

fluxes (70 kW/m2). In the case of PA 6 / MWNT, smoke production was independent of the 

external heat flux, whereas smoke production decreased for PA 6 with decreasing external heat 

flux (Fig. 5). The precise smoke production mechanisms were not well understood. The curve 

shapes of mass loss rate, the CO production rate, the CO2 production rate and heat release rate 

corresponded well to each other during burning, indicating steady-state burning with constant 
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yields, but the smoke release rate did not. In contrast to the other rate curves, the smoke release 

rate increased for increasing burning time and showed a maximum in the flame-out region. The 

higher total smoke production for materials containing MWNT as compared to the PA 6 

samples at lower external heat fluxes arose from increased smoke production rates at the 

beginning of burning. 

Smoke production and the production of toxic gases (e.g. carbon monoxide) were 

discussed as the most important fire hazards besides heat release. In the cone calorimeter 

measurements addition of MWNT did not result in a general change, but did cause specific 

changes in these hazards, such as for low external heat fluxes and for the time after the flame- 

out. Furthermore, these results were observed under conditions characterized by external heat 

flux greater than 30 kW/m2 and well-ventilated conditions. 

 
Fig. 5. Heat of combustion and total smoke release of PA 6 and PA 6 / 5 wt.-% MWNT plotted 

against external heat flux. 

 

3.4 Flammability 
 

 
The flammability of polymeric materials is commonly tested with LOI and UL 94. Both 

tests generally are performed without an external heat flux, since the flame ignition source is 

removed after some seconds. Considering the reduction of peak of the heat release rate for the 

decreasing external heat flux observed with the cone calorimeter, a reduction of flammability 

could be expected for the PA 6 / MWNT [18, 23]. According to the high values of heat release 

rates, an LOI value far below 27 was expected. LOI values above 27 normally indicate materials 

that are self-extinguishing in accordance with the V classification in UL 94. Surprisingly, the 

LOI value of PA 6 (26.4 ± 1.0) was very close to 27 and the addition of nanotubes to PA 6 

reduced the LOI to 23.7 ± 1.0. Obviously, the extrapolation of forced flaming results to 

flammability failed, as was reported previously for cases in which flammability was dominated 

by other properties such as dripping behaviour [18, 24]. Indeed, such significantly different 

characteristics were observed in the burning behaviour of the samples. In the case of PA 6, melt 
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flowed down. Material was removed from the pyrolysis zone, decreasing the fuel support rate. 

This effect became clearly visible as PA 6 burned with a tiny flame in the LOI test. In the case 

of the PA 6 / 5 wt.-% MWNT, the molten material remained in the pyrolysis zone, so that the 

material burned with a larger flame and increased heat production. It was concluded that the 

interconnected network structure of the MWNT stabilized the melt in the pyrolysis zone. This 

then also explained why only the LOI value of PA 6 / MWNT corresponded to the expectation 

based on the cone calorimeter tests, in which the melt was forced to remain in the pyrolysis 

zone. The LOI results corresponded well to comparable data known from providers' datasheets 

for PA 6 (LOI U 26) and glass fibre reinforced PA 6 (LOI U 22.5), confirming the accurate 

determination of LOI as well as the effect of a fibre-network structure for the PA 6 / MWNT. It 

was concluded that interconnected network structures caused the fixing of the melt quite 

independent of the fibre dimensions. Fire behaviour in the UL94 test was found to be quite 

analogous to the results in the LOI. In the case of PA 6 large amounts of melt escaped the 

pyrolysis zone by dripping off, whereas the melt was stabilized by the interconnected network 

structure of the MWNT, increasing the intensity of burning (Fig. 6). PA 6 was found to be very 

close to a V2 classification (extinguishing caused by dripping), which corresponded well to the 

LOI value close to 27. PA 6 / MWNT showed no propensity to extinguish at all. However, 

neither material succeeded in obtaining a V classification. 

 

Fig. 6. Photographs taken during the UL 94 test illustrating the different flammability behaviour 

of PA 6 (a, during dripping) and PA 6 / 5 wt.-% MWNT (b). 

 

Fig. 7 shows the structure of the fire residue of the PA 6 / 5 wt.- % MWNT composite 

after the LOI test. The percolated nanotube network remained during burning. The oxygen was 

consumed completely in  the flame zone by oxidizing the volatile decomposition products of PA 

6. According to results of the thermal analysis, the MWNT was stable with respect to thermal 

decomposition. In contrast to the conditions in the cone calorimeter, the heat gain vanished 

immediately after flame-out in the LOI, so that no significant thermo-oxidative decomposition 
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of the MWNT took place after burning. In contrast to the layered silicate nanocomposites 

discussed above, the combustion residue was not a closed protection layer. 

 

Fig. 7. SEM of the residual after LOI test of the PA 6 / 5 wt.-% MWNT sample at low (a) and 

high (b) magnification, illustrating the network structure. 

 

3.5 Melt rheological behaviour 
 

 
The comprehensive fire behaviour investigation indicated that the fire behaviour was 

controlled by changed melt rheological behaviour of the composites. It was assumed that the 

melt viscosity increased strongly at low temperature and at low shear rates, whereas the 

reinforcement vanishes at high shear rates. Therefore, we investigated the viscosity of PA 6 and 

PA  6  /  MWNT  composites  in  the  molten  state  using  oscillatory  rheometry.  The  complex 

viscosity |η*| and storage modulus G' of PA 6 and PA 6 / MWNT composites at 533 K are 

plotted logarithmically against the angular frequency in Fig. 8. For comparison, a composite 

with 2 wt.-% MWNT is added. 

 

Fig. 8. Complex viscosity (a) and the storage modulus (b) as a function of frequency for PA 6 

and PA 6/MWNT composites at 533 K. 

 

In the pure PA 6 the typical behaviour of a linear polymer can be observed. Complex 

viscosity decreases with frequency; however, at low frequencies the complex viscosity vs. 

frequency behaviour becomes nearly flat and independent of frequency, indicating a Newtonian 

plateau at which zero shear viscosity can be determined to be 2750 Pa s (at 533 K). The 

incorporation of carbon nanotubes significantly increases complex viscosity and the storage 

modulus; this effect is particularly visible at low frequencies. The masterbatch used to prepare 

the composite, consisting of 20 wt.-% MWNT, showed dramatically increased viscosity at all 

frequencies; also, a linear increase was detected with lowering frequency. Even at 2 wt.-% 

MWNT, this continuous increase of viscosity as frequency is lowered can be observed in the 
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low frequency range, and no Newtonian plateau is observable. According to a method presented 

by Wagener and Reisinger [25], developed to compare the degree of exfoliation of (nanoclay- 

based) nanocomposites, the magnitude of the shear thinning exponent n (|η∗| ~ ωn ) in the low 

frequency range is nearly one (0.92) in the case of the masterbatch, and 0.62 in the case of the 

PA 6 / 5 wt.-% MWNT composite, but nearly zero (0.05) in the case of PA 6. At the same time, 

by adding MWNT to PA 6 the storage and loss moduli (G' and G'') increase dramatically, 

particularly at low frequencies, and start to develop a plateau. For example, adding 5 wt.-% of 

MWNT increases complex viscosity at 0.1 rad/s by a factor of 43 and the storage modulus by a 

factor of 215. This increase is much lower at higher measurement frequencies such as 100 rad/s. 

Here, complex viscosity shows an increase of only a factor of 3 and storage modulus increases 

by only 4 times. These changes in the qualitative behaviour of dynamic modulus and viscosity 

are characteristics for the formation of network-like structures and can be attributed to the 

percolation of the fillers [26, 27]. As shown before, the 5 wt.-% MWNT composite did indeed 

show reduced electrical volume resistivity, indicating a percolated MWNT structure. In the case 

of anisotropic nanofillers such network-like structures can be found even at very low contents, 

as their appearance depends on the filler aspect ratio, which can be quite high for such types of 

nanoadditives. Applying model calculations for stiff cylindrical-shaped fillers [28] to the case of 

carbon nanotubes with aspect ratios in the range of 100-1000, a theoretical percolation 

concentration can be determined of only 0.05 vol.-% (aspect ratio of 100). The qualitative 

change of the melt rheological behaviour at low filler content indicative for the formation of a 

network-like structure was observed not only for carbon nanotube filled polymers [16, 29], but 

also for montmorillonite based nanocomposites [25, 30]. 

In addition, the temperature influence on dynamic modulus and viscosity was 

investigated in the range between 513 and 553 K. Fig. 9 shows the complex melt viscosity of  

PA 6 and the composite with 5 wt.-% MWNT at three temperatures. 

 

Fig. 9. Complex viscosity as a function of frequency for PA 6 and PA 6/ 5 wt.-% MWNT 

composites at different temperatures. 
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It is clear in this figure that incorporating MWNT into PA 6 enhances the stability of PA 

6, particularly at high temperatures. At 553 K the difference between the complex viscosity of 

PA 6 and that of the composite is much higher than the difference between both materials at 513 

K. Moreover, the melt viscosity of PA 6 drops over the whole range of frequencies by a factor 

of about 4.5 when comparing rates at 513 K and 553 K. In the case of PA 6 / 5 wt.-% MWNT 

the decrease in complex viscosity as a function of temperature is much lower (a factor of about 

2). That means that PA 6 softens more rapidly at high temperatures than the PA 6 composite. 

 
 

 
4. Conclusion 

 

 
The comprehensive fire behaviour characterization, accompanied by thermal analysis, 

SEM investigations and melt rheology, delivered a deep insight into the fire retardancy 

mechanisms active in PA 6 / 5 wt.-% MWNT composites. During burning the MWNT 

interconnected network structure remained in the material, since it was thermally stable. It 

influenced the melt viscosity, especially at low shear rates. The changed viscosity prevented 

dripping and flowing, but also hindered the decomposition of volatiles feeding the flame. The 

percolated structure stabilized the pyrolysis zone and the residue. In principle, these mechanisms 

were capable of influencing fire behaviour significantly, but the effects were strongly dependent 

on the fire scenario. The prevention of dripping is known to be necessary to avoid inflammation 

by dripping, but in other scenarios decreased melt flow results in increasing conversion of the 

material. The stabilization of residue is a key challenge to ensure barrier properties but it can 

also be negative for passing flammability tests. It becomes clear that MWNT may be addressed 

as highly interesting adjuvant in certain distinct systems and scenarios rather than as a general 

fire retardant. 

 
 

 
Acknowledgements 



Tuesday , August 17, 2004 

15 

Elsevier 10 of 28 

 

 

The authors thank Prof. Wagenknecht for the SEM investigation. Furthermore, the 

authors thank M. Bartholmai, D. Neubert and U. Braun for their contribution to generate this 

study. 

 

References 
 

 
[1] Baughman RH, Zakhidov AA, de Heer WA. Carbon nanotubes – the route toward 

applications. Science 2002; 297:787-792. 

[2] Ferguson DW, Bryant EWS, Fowler HC. ESD Thermoplastic product offers advantages 

for demanding electronic applications, ANTEC’98, 1998;1219-1222. 

[3] Lahr B, Sandler J. Kohlenstoff-Nanoröhrchen Hochfeste Verstärkungsstoffe für 

Composites. Kunststoffe 2000;90:94-96. 

[4] Qian D, Dickey EC, Andrews R, Rantell T. Load transfer and deformation mechanism in 

carbon nanotube-polystyrene composites. Appl Phys Lett 2000;76:2868-2870. 

[5] Sandler JKW, Pegel S, Cadek M, Gojny F, van Es M, Lohmar J, Blau WJ, Schulte K, 

Windle AH, Shaffer MSP. A comparative study of melt spun polyamide-12 fibres reinforced 

with carbon nanotubes and nanofibres. Polymer 2004;45:2001–2015. 

[6] Beyer G. Carbon nanotubes as flame retardants for polymers. Fire Mater 2002;26:291- 

293. 

[7] Kashiwagi T, Grulke E, Hilding J, Harris R, Awad W, Douglas J. Thermal degradation 

and flammability properties of poly(propylene)/carbon nanotube composites. Macromol Rapid 

Comm 2002;23:761-765. 

[8] Beyer G. Carbon Nanotubes – eine neue Klasse von Flammschutzmitteln für Polymere. 

Gummi Fasern Kunstst 2002;55:596-600. 

[9] Kashiwagi T, Grulke E, Hilding J, Groth K, Harris R, Butler K, Shields J, Kharchenko S, 

Douglas J. Thermal and flammability properties of polypropylene/carbon nanotube 

nanocomposites. Polymer 2004;45:4227-4239. 

[10] Kilbride BE, Coleman JN, Fraysse J, Fournet P, Cadek M, Drury A, Hutzler S, Roth S, 

Blau WJ. Experimental observation of scaling laws for alternating current and direct current 



Tuesday , August 17, 2004 

16 

Elsevier 10 of 28 

 

 

conductivity in polymer-carbon nanotube composite thin films. J Appl Phys 2000;92:4024- 

4030. 

[11] Schartel B, Wendorff JH. Molecular composites for molecular reinforcement: a 

promising concept between success and failure. Polym Engin Sci 1999;39:128-151. 

[12] Hwang WF, Wiff DR, Benner CL, Helminiak TE. Composites on a molecular level: 

phase relationships, processing, and properties. J Macromol Sci -Phys 1983;B22:231-257. 

[13] Takayanagi M. Polymer composites of rigid and flexible molecules. Pure Appl Chem 

1983;55:819-832. 

[14] Shaffer MSP, Windle AH. Fabrication and characterization of carbon 

nanotube/poly/vinyl alcohol) composites. Adv Mater 1999;11:937-941. 

[15] Pötschke P, Bhattacharyya AR, Janke A. Melt mixing of polycarbonate with multiwalled 

carbon nanotubes: microscopic studies on the state of dispersion. Europ Polym J 2004;40:137- 

148. 

[16] Pötschke P, Fornes TD, Paul DR. Rheological behavior of multiwalled carbon 

nanotube/polycarbonate composites. Polymer 2003;43:3247-3255. 

[17] Meincke O, Kaempfer D, Weickmann H, Friedrich C, Vathauer M, Warth H. Mechanical 

properties and electrical conductivity of carbon-nanotube filled polyamide-6 and its blends with 

acrylonitrile/butadiene/styrene. Polymer 2004;45:739-748. 

[18] Schartel B, Braun U. Comprehensive fire behaviour assessment of polymeric materials 

based on cone calorimeter investigations. e-Polymers 2003;13. 

[19] Bartholmai M, Schartel B. Layered silicate polymer nanocomposites: new approach or 

illusion for fire retardancy? investigations of the potentials and the tasks using a model system. 

Polym Adv Technol 2004;15:355-364. 

[20] Schartel B, Bartholmai M, Braun U. Barrier effects for the fire retardancy of polymers. 

Polym Degrad Stab 2004;??:303-316. 

[21] Hartwig A, Pütz D, Schartel B, Bartholmai M, Wendschuh-Josties M. Combustion 

behaviour of epoxide based nanocomposites with ammonium- and phosphoniumbentonites. 

Macromol Chem Phys 2003;204:2247-2257. 



Tuesday , August 17, 2004 

17 

Elsevier 10 of 28 

 

 

[22] Braun U, Schartel B. Effect of red phosphorus and melamine polyphosphate on the fire 

behavior of HIPS. J. Fire Sci 2004;in press. 

[23] Lyon RE. Ignition Resistance of Plastics. In: Lewin M, editor. Recent Advances in 

Flame Retardancy of Polymers, Vol. 13. Norwalk: Business Communications Co Inc., 2002. p. 

14-25. 

[24] Schartel B, Braun U, Schwarz U, Reinemann S. Fire retardancy of polypropylene/flax 

blends. Polymer 2003;44:6241-6250. 

[25] Wagener R, Reisinger TJG. A rheological method to compare the degree of exfoliation 

of nanocomposites. Polymer 2003;44:7513-7518. 

[26] Shenoy AV. Rheology of Filled Polymer Systems. Dordrecht, Boston, London: Kluwer 

Academic Publishers, 1999. p. 243-390. 

[27] Utracki LA. Rheology and Processing of Multiphase Systems. In: Ottenbrite RM, 

Utracki LA, Inoue S, editors. Current Topics in Polymer Science, Vol. II, Rheology and 

Polymer Processing/Multiphase Systems. Munich, Vienna, New York: Carl Hanser, 1987. p. 7- 

59. 

[28] Balberg, I. Recent developments in continuum percolation. Philos Mag B 1987;56:991- 

1003. 

[29] Mitchell CA, Bahr JL, Arepalli S, Tour JM, Krishnamoorti R. Dispersion of 

functionalized carbon nanotubes in polystyrene. Macromolecules 2002;35:8825–8830. 

[30] Mitchell CA, Krishnamoorti R. Rheological properties of diblock copolymer/layered 

silicate nanocomposites. J. Polym Sci B: Polym Phys 2002;40:1434-1443. 



Tuesday , August 17, 2004 

18 

Elsevier 10 of 28 

 

 

Captions of the Figures and Tables 
 
 
Fig. 1. SEM on cryofractures of a) masterbatch (PA 6 / 20 wt.-% composite) b) PA 6 / 5 wt.-% 

MWNT composite. 

 

Fig. 2. Thermal analysis of PA 6 and PA 6 / 5 wt.-% MWNT composite. 
 

 
Fig. 3. Total heat evolved and heat release rate of PA 6 and PA 6 / 5 wt.-% MWNT for different 

external heat fluxes plotted against time. 

 

Fig. 4. Peak of heat release rate and time to ignition of PA 6 and PA 6 / 5 wt.-% MWNT plotted 

against external heat flux. 

 

Fig. 5. Heat of combustion and total smoke release of PA 6 and PA 6 / 5 wt.-% MWNT plotted 

against external heat flux. 

 

Fig. 6. Photographs taken during the UL 94 test illustrating the different flammability behaviour 

of PA 6 (a, during dripping) and PA 6 / 5 wt.-% MWNT (b). 

 

Fig. 7. SEM of the residual after LOI test of the PA 6 / 5 wt.-% MWNT sample at low (a) and 

high (b) magnification, illustrating the network structure. 

 

Fig. 8. Complex viscosity (a) and the storage modulus (b) as a function of frequency for PA 6 

and PA 6/MWNT composites at 533 K. 

 

Fig. 9. Complex viscosity as a function of frequency for PA 6 and PA 6/ 5 wt.-% MWNT 

composites at different temperatures. 

 

Table 1 

Thermal analysis of PA 6 and PA 6 / 5 wt.-% MWNT nanocomposite 
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Fig. 1. SEM on cryofractures of a) masterbatch (PA 6 / 20 wt.-% composite) b) PA 6 / 5 wt.-% 

MWNT composite. 
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Fig. 3. Total heat evolved and heat release rate of PA 6 and PA 6 / 5 wt.-% MWNT for different 

external heat fluxes plotted against time. 
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Fig. 4. Peak of heat release rate and time to ignition of PA 6 and PA 6 / 5 wt.-% MWNT plotted 

against external heat flux. 
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Fig. 5. Heat of combustion and total smoke release of PA 6 and PA 6 / 5 wt.-% MWNT plotted 

against external heat flux. 
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a b 

Fig. 6. Photographs taken during the UL 94 test illustrating the different flammability behaviour 

of PA 6 (a, during dripping) and PA 6 / 5 wt.-% MWNT (b). 

 
 



Tuesday , August 17, 2004 

25 

Elsevier 10 of 28 

 

 

Fig. 7. SEM of the residual after LOI test of the PA 6 / 5 wt.-% MWNT sample at low (a) and 

high (b) magnification, illustrating the network structure. 
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Fig. 8. Complex viscosity (a) and the storage modulus (b) as a function of frequency for PA 6 
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Table 1 

Thermal analysis of PA 6 and PA 6 / 5 wt.-% MWNT composite 
 

 PA 6 PA 6 / 5 wt.-% MWNT 

mass loss < 600 K 2.1 ± 1.0 wt.-% 1.1 ± 1.0 wt.-% 

mass loss decomposition 98.0 ± 1.0 wt.-% 93.7 ± 1.0 wt.-% 

TDTGmax 732 ± 1 K 732 ± 1 K 

TDTAdec 725 ± 1 K 730 ± 1 K 

∆Hdec 
302 ± 10 mW/g 367 ± 20 mW/g 

residue 0.0 ± 1.0 wt.-% 5.2 ± 1.0 wt.-% 

TDTAm 500 ± 1 K 498 ± 1 K 

∆Hm 57 ± 3 mW/g 43 ± 3 mW/g 

max = maximum; min = minimum; dec = decomposition; m = melting 


