
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 

 
 
 
 
 
 
 

Flame Retardant Mechanism of the 
Nanotubes-based Nanocomposites.  

Final Report
 
 
 
 

Takashi Kashiwagi 
Department of Fire Protection Engineering 

University of Maryland 
College Park, MD  20742 

 
 
 
 
 

NIST GCR 07-912



 



 
 
 

NIST GCR 07-912

Flame Retardant Mechanism of the 
Nanotubes-based Nanocomposites.  

Final Report
 
 

Prepared for 
U.S. Department of Commerce 

Building and Fire Research Laboratory 
National Institute of Standards and Technology 

Gaithersburg, MD 20899 
 
 

By 
Takashi Kashiwagi 

Department of Fire Protection Engineering 
University of Maryland 

College Park, MD  207042 

September 2007

 
U.S. Department of Commerce 

Carlos M. Gutierrez, Secretary 
 

National Institute of Standards and Technology 
 James M. Turner, Acting Director 

 



Notice

This report was prepared for the Building and Fire Research Laboratory
of the National Institute of Standards and Technology under Grant number
60NANB5D1022.  The statement and conclusions contained in this report
are those of the authors and do not necessarily reflect the views of the 
National Institute of Standards and Technology or the Building and Fire
Research Laboratory.



 1

Flame Retardant Mechanism of the Nanotubes-based Nanocomposites 
 

Final Report 
 

60NANB5D1022 
 

Takashi Kashiwagi 
Department of Fire Protection Engineering, University of Maryland 

 



 2

Table of Contents 
 

Summary ---------------------------------------------------------------------------------------     3 
 
Paper “Nanotube networks reduce flammability of polymer nanocomposites”  
Nature Materials, 4, 928-932, 2005 -------------------------------------------------------     5 
 
Paper “Relationship between dispersion metric and properties of PMMA/SWNT 
nanocomposites” Polymer, 48, 4855-4866, 2007 -----------------------------------------   11 
 
Paper “Effects of aspect ratio of MWNT on the flammability properties of polymer 
nanocomposites” Polymer, 48, 6086-6096, 2007 -----------------------------------------   23 
 
Chapter 10 “New fire retardant nanocomposites” in Flame retardant Polymer 
Nanocomposites edited by A.B. Morgan and C.A. Wilkie, Wiley-Interscience, 2007 
----------------------------------------------------------------------------------------------------- 34 
 
 



 3

Summary 
 

 This project was started from April 1, 2005 and is ending on September 30, 2007 
with a total budget of $ 105,392.  
 

One weak aspect of synthetic polymer materials compared with steel and other 
metals is that these materials are combustible under certain conditions. Thus, the majority 
of polymer-containing end products must pass some type of regulatory test to assure 
public safety from fire. Although halogenated flame retardants are highly effective for 
reducing heat release rates of commodity polymers, the future use of some of these 
retardants is becoming highly questionable in Europe and possibly worldwide. Therefore, 
new, highly effective flame retardants are urgently needed as a possible alternative to 
conventional halogenated flame retardants. The main objective is to determine the flame 
retardant (FR) effectiveness of various polymer/nanotube nanocomposites and to 
understand their FR mechanisms. 
  
 Four different nanotubes are used; they are multi-walled carbon nanotube 
(MWNT), single-walled carbon nanotube (SWNT), carbon nano-fiber (CNF), and 
alumina silicate nanotube (ASNT). The selected resins are polystyrene (PS) and 
poly(methyl methacrylate) (PMMA). The study consists of five parts aimed at 
understanding the FR mechanisms of these nanocomposites, (1) effects of nanotube type 
and of concentration of the nanotubes in the nanocomposites, (2) effects of the dispersion 
of the nanotubes in the nanocomposites, (3) effects of molecular weight of the resin, and 
(4) effects of viscoelastic characteristics of the nanocomposites, (5) effects of aspect ratio 
(length divided by outer diameter of tubes). A cone calorimeter and the nitrogen 
gasification device are used for measuring flammability properties of the samples. The 
results of the first, the third, and the fourth parts were published in Nature Materials and 
the paper is included in this report. The results of the second part (effects of dispersion) 
were published in Polymer and also the results of the fifth part (effects of aspect ratio) are 
being published in Polymer. Both papers are included in this report. Finally, a review of 
flammability of carbon nanotube based polymer nanocomposites was published as one of 
chapters in “Flame Retardant Polymer Nanocomposites” edited by A. Morgan and C. 
Wilkie, Wiley Interscience, 2007 and this review is also included in this report. 
 
 Nanocomposites based on ASNT with PMMA were prepared for mass 
concentrations of 1 % ,2 %, and 4 % of ASNT. However, ASNT was not well dispersed 
(translucent instead of transparent) and special functional component was attached to 
ASNT surface to improve the dispersion of ASNT. Although some improvement in the 
dispersion of ASNT was made, no significant reduction in flammability properties of 
PMMA was observed.  
 
 Another attempt was made to enhance char formation using functionalized 
nanotubes for making crosslinks with carbon in the resin by the collaboration with 
Professor Jim Tour at Rice University. His group prepared PS nanocomposites with 1 % 
mass concentration of bromo benzene functionalized SWNT and also with 1 % mass 
concentration of bisphenol C functionalized SWNT. Unfortunately, thermal gravimetric 
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analysis (TGA) and nitrogen gasification test did not show any significant increase in 
char yield and consequently mass loss rates of PS were not significantly reduced with the 
specifically functionalized SWNTs.   
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Chapter 10 
New fire retardant nanocomposites1 

Takashi Kashiwagi 
Fire Research Division, NIST, Gaithersburg, MD 20899-8665 USA 

 
10.1. Introduction 
 While the incorporation of microscale particles as fillers into polymers has been 
scientifically well explored, the decrease in size of particles to nanometers, and the 
simultaneous increase of the interface area, results in new extraordinary material 
propertiesi,ii,iii,iv.  In one such application, the flammability properties of polymers have 
been improved with the addition of nanoscale particles. These filled nanocomposites 
provide an attractive alternative to conventional flame retardants. At present, the most 
common approach for improving flammability is the use of layered silicates such as clays, 
as described in Chapter 3. However, there are many different shapes/types of 
nanoparticles. (Here, a nanoscale particle is defined as having at least one dimension on 
the nanometer scale.) When all three dimensions are of the order of nanometers, we are 
dealing with true nanoparticles, such as spherical silica particle, having an aspect ratio of 
1. Another type of nanoparticle has only one dimension on the nanometer scale. Such 
nanoscale particles are sheet/layers, such as layered silicate or graphite, which are one to 
a few nanometers thick and hundreds to thousands of nanometers in the other two 
dimensions. When two dimensions are on the nanometer scale and the third is larger, the 
particles form elongated structures such as nanotubes, whiskers, or rods with a high 
aspect ratio.  
 
 It is of interest to determine the flame retardant effectiveness of these 
shapes/types of nanoparticles, other than layered silicates to find what shape/type of 
nanoparticles is the most effective for improving flammability properties of commodity 
polymers. In this chapter, flammability properties of nanocomposites containing 
nanoscale oxides such as nano silica particles and metal oxides, polyhedral oligomeric 
silsesquioxanes (POSS), and carbon based nanoparticles such as graphite, single-walled 
carbon nanotubes (SWNT), multi-walled carbon nanotubes (MWNT), and carbon nano 
fibers (CNF) are described and a flame retardant mechanism of these nanoparticles is 
discussed.   
 
10.2. Nano scale oxide based nanocomposites 
 
10.2.1. Nano silica particles 
 Nanoscale silica particles can have a huge interfacial area as long as the diameter 
of the particles is in the range of nanometers. Although they do not have the narrow 
gallery structure of a layered clay, an improvement in physical propertiesv,vi,vii,viii and also 
an improvement in thermal stabilityix,x by the addition of nanoscale silica particles to 
polymer were reported. This latter improvement was attributed to the formation of tightly 

                                                 
1 This article is a US Government work and as such, is in the public domain in the United 
States of America. 
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packed particles to various polymers significantly reduced heat bound and loosely bond 
polymer chains around the 
particlesxi. It was also reported 
that the addition of mesoscale 
silica to various polymers 
significantly reduced the heat 
release  rate of the 
polymersxii,xiii . Flammability 
properties of poly(methyl 
methacrylate) (PMMA)/nano 
silica nanocompositesxiv,xv,xvi 
and polyimide/nano silica 
nanocompositesxvii have been 
reported. Samples have been 
prepared by solvent 
blendingxiv,17, melt blending 
utilizing single screw 
extrusionxvi, or in situ 
polymerizationxv in order to 
obtain well-dispersed 
nanosilica particles in the 
sample. The dispersion of the 
particles in the polymer is 
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Figure 2. The effects of the addition of nanosilica 
on heat release rate of PMMA at 50 kW/m2. 

Figure 1. TEM image of the PMMA/nanosilica nanocomposite (left), analyzed 
image (middle) and a histogram distribution of diameter (right). 



 36

critical for obtaining better flame retardant performance, as described in previous 
chapters. Transmission electron microscopy (TEM) was used to determine the dispersion. 
An example is shown in Figure 1xv and it indicates well-dispersed particles having an 
average diameter of about 12 nm. Roughly a 50 % reduction of the peak heat release rate 
was reported with the addition of 13 % mass fraction of the silica particlesxv, as shown in 
Figure 2 and little to no improvement was reported in a limiting oxygen index (LOI) 
measurementxiv with up to 10 % mass fraction of silica particles having a diameter as 
small as 7 nm (the dispersion of these particles was not shown). Although LOI increased 
from 36 to 44, the addition of 28 % mass 
fraction of silica particles (a diameter of 50-
300 nm) was required. In the heat release 
rate curves shown in Figure 2, the addition 
of the nano silica particles hardly reduced 
the heat release rate at the early stage of 
burning and it was demonstrated that the 
addition of nanoscale silica particles did not 
significantly modify the UL-94 ratingxvi. 
Therefore, the overall flame retardant 
effectiveness of nanosilica particles appears 
to be less than that of clay particles, as 
described in the previous chapters.  
 
 The observation of the sample 
behavior during the gasification in a 
nitrogen atmosphere at an external radiant 
flux of 40 kW/m2 reported the formation of 
many small bubbles followed by the 
formation of many rigid white islandsxv. 

Vigorous bursting of small 
bubbles was observed 
around the islands. The 
islands appeared to be 
made of coarse, granular 
particle clumps. Since the 
sample surface was only 
partly covered by these 
loose granular 
particles/clumps, part of 
the sample surface was still 
exposed to the external 
heat between the coarse 
particles and barrier 
performance of the layer to 
slow the evolution of the 
degradation  products of 
PMMA was not effective. 

Figure 3. The residue of the 
PMMA/Nanosilica nanocomposite 
after the gasification test in nitrogen 
at 40 kW/m2 [15]. 

Figure 4. Effect of the particle size on heat release rate 
for PMMA/TiO2  at 35 kW/m2 [19]. 
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A similar behavior was observed with polycarbonate containing 15 nm coated silica 
particlesxviii. At the end of the test, a dark, coarse powdery layer was left at the bottom of 
the sample container (Figure 3.). No network structured protective layer covering the 
entire sample surface was formed. One possible approach to forming such an in situ silica 
network during gasification would be to enhance the formation of crosslinks among the 
particles by appropriate surface treatments on the surface of the nanosilica particles but 
no work along these lines has been reported. 
 
10.2.2. Metal Oxides 
 The flammability 
properties of 
nanocomposites 
consisting of nanoscale 
titanium oxide (TiO2, a 
median diameter of 21 
nm) and iron oxide 
(Fe2O3, a median diameter 
of 23 nm) in PMMA were 
measuredxix. The 
nanocomposites were 
prepared by melt 
blending. A morphology 
study of the 
nanocomposites showed 
that the particles were 
well distributed in the 
sample,but with some 

tendency to aggregate since 
no surface treatment was 
done on the oxides. The 
effect of particle size was 
studied by comparing heat 
release rate of the 
nanocomposite with the 
nanoscale TiO2 particles to 
that of the microcomposite 
with micrometer scale TiO2 
(0.2 μm); the comparison is 
shown in Fig. 4. The peak 
heat release rate of the 
nanocomposite was about 
10 % lower than that of the 
microcomposite. A similar 
result was also observed for 
PMMA/Fe2O3 samples. An 
increase in nanoparticle TiO2 

Figure 6. Comparison of heat release rates of the 
nanocomposites with OMMT, OMMT-TiO2, and 
OMMT-Fe2O3 at 35 kW/m2 [19]. 

Figure 5. Effect of TiO2 nanoparticle concentration 
on heat release rate of PMMA at 35 kW/m2 [19]. 
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concentration reduced the heat release rate of PMMA, as shown in Figure 5, but the 
amount of the reduction is not as significant as with other types of nanoparticles such as 
clay or carbon nanotubes, as described later. The combination of these nanoparticles with 
organo-modified montmorillonite (OMMT) was used to determine the synergistic effect 
on the reduction in the heat release rate of PMMA; the results are shown in Figure 6. The 
observed improvement via the incorporation of the oxide particles was explained by 
several effects; (1) TiO2 to act as a “heat shield” which can limit the thermal conduction 
into the sample, (2) limitation of evolved gas release due to an increase in melt viscosity, 
and (3) enhanced wetting of mineral particles by the molten polymer. 
 
10.2.3. Polyhedral Oligomeric Silsequioxanes (POSS) 
 With the recent 
development of 
nanostructured chemical 
feedstocks based on 
POSSxx,xxi,xxii. POSS 
based hybrid 
nanocomposites have 
received increasing 
attention because of the 
unique three-dimensional 
structure of the POSS 
macromonomerxxiii, as 
shown in Figure 7. POSS 
represents an intermediate 
structure between that of 
silicone and that of silica, 
explaining its excellent 
oxidation stability and reaction to fire. It consists of an inorganic silica-like core (Si8O12) 
surrounded by eight organic groups at the corners to enhance compatability with organic 
polymers. Its nanoscale enables the POSS segment to effectively reinforce polymer 
chain-segments and to control polymer chain motion at the molecular level through 

maximizing the interface area 
and chemical interactions of 
reinforcement with polymers. 
Early examples were presented 
with siloxanesxxiv,xxv followed by 
numerous applications showing 
enhancement of thermal stability 
and improving flammability 
properties of polymers.   
 
   POSS macromers 
generally sublime at high 
temperatures provided that they 
contain functionalities which do 
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not readily undergo cross-linking reactions. Once incorporated into a polymeric form, 
POSS macromers do not sublime; rather they decompose primarily through partial loss of 
their organic substituents without significantly affecting the degradation of the matrix 
polymersxxvi or with subsequent cross-linking reactions which incorporates the remaining 

composition into SiOxCy 
network (residue) in 
POSS-Siloxane 
copolymerxxvii. Thermal 
gravimetric analysis of 
these nanocomposites 
shows that the initial 
decomposition 
temperatures and residue 
(ceramic and/or char) 
yield increased with 
increasing POSS 
concentration24,xxvi,xxviii,

xxix. In terms of the initial 
decomposition 
temperature and residue 
yield the thermal stability 
of the nanocomposites 
was significantly 
enhanced with increasing 
inorganic component.  
 
 The above thermal 

analysis study demonstrated the enhanced thermal stability of POSS-polymer 
nanocomposites and suggested there is potential to improve flammability properties of 
matrix polymers. However, studies clearly demonstrating such improvement via the use 
of POSS based nanocomposites are rather limited. One studyxxx is of nanocomposites 
consisting of  polytetramethyleneether-glycol-b-polyamide-12, 1% polyimide-12 (PTME-
PA), polystyrene-polybutadiene-polystyrene (SBS), and polypropylene (PP) prepared 
with POSS (structure is described in Figure 8) ranging from 10 to 20% via solution 
blending in tetrahydrofuran (THF).  For comparison purposes, composites based on other 
silicone compounds such as polycarbosilane (PCS) and polysilastyrene (PSS) were also 
prepared by solution blending. The flammability properties of these blends were 
characterized using a Cone Calorimeter. The results, shown in Figure 9 and Table 1, 
reveal that both PCS (although twice higher concentration than that of the POSS) and 
POSS are reasonably effective for reducing the heat release rate measured at 35 kW/m2. 
However, the total heat release (integrating the heat release rate with respect to time) of 
the nanocomposites was not significantly reduced from that of the matrix resins. 
Furthermore, the residue yields are about the same as the calculated yields listed in the 
Table 1 (in parentheses). This means that the addition of the POSS in the nanocomposites 
does not significantly increase the yield of carbonaceous char. The residue is mainly the 
inorganic component of the POSS.  
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siloxane and the POSS at 35 kW/m2 [30]. 
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 Simultaneous significant reduction of heat release rate and of the total heat 
release was achieved with polyurethane (PU) POSS nanocomposites (POSS 10%mass 
fraction) used as a coating on polyethylene terephthalate (PET) knitted fabricxxxi, as 
shown in Figure 10. Two different POSSs were used in this study. One was octamethyl 
POSS (POSS MS) with R =  methyl in the structure described in Figure 7 and the other 
was poly vinylsilsequioxane (POSS FQ) with R = vinyl in the structure described in 
Figure 8 (all ends are vinyl). For comparison purposes, clay (Closite 30 B) was also used 
as a nanocomposite filler. It was observed that a significant reduction of heat release rate 
and of the total heat release of the PET knitted fabric was achieved with POSS FQ2 ( 2 
means incorporation of the nano additives in the second stage during the sample 
preparation) but no reduction was observed with POSS MS2. The thermal stability of the 
coated knitted fabric containing POSS MS2 was lower than that of the fabric coated by 
virgin PU in the TGA measurement. Destabilization of the fabric at 200 °C by POSS 
MS2 and sublimation of POSS MS2 at around 300 °C could explain the lack of FR 
performance shown in Figure 10. On the other hand, POSS FQ showed a remarkable 
thermal stability without mass loss up to 380 °C and only a mass loss of 6 % occurred at 
700 °C due to the formation of crosslinks.   In the case of the PU POSS FQ2 coating, the 
residue (consisting of carbonaceous char and possible preceramic components) was 
more uniform, and only small cracks were observed on the surface. This residue was 
more resistant and could suppress the flame31. The formation of a hard uniform barrier 
over a polycarbonate surface was also reported with the polycarbonate/coated POSS 
nanocomposites18.  However, PP-POSS multifilament yarns prepared from PP POSS FQ
  
Table 1. Summary of Cone Calorimeter Data of PP, PTME-PA, and SBS with Siloxanes 
and the POSS at 35 kW/m2 [30]. 

 

Sample 

Residue 

Yield 

% 

Mean Mass 

Loss Rate 

g/s m
2
 

Peak 

HRR (Δ %) 

kW/m
2
 

Mean 

HRR (Δ%) 

kW/m
2
 

Hc 

MJ/kg 

SEA 

m
2
/kg 

Mean 

CO yield

kg/kg 

PP 0 25.4 1,466 741 34.7 650 0.03 

PP/POSS 80/20 17 (16) 19.1 892 (40%) 432 (42%) 29.8 820 0.03 

PTME-PA 0 34.2 2,020 780 29.0 190 0.02 

PTME-PA/PCS 80/20 15 (15) 14.8 699 (65%) 419 (46%) 28.5 260 0.02 

PTME-PA /POSS 90/10 6 (8) 19.8 578 (72%) 437 (44%) 25.2 370 0.02 

SBS 1 36.2 1,405 976 29.3 1,750 0.08 

SBS /PCS 80/20 20 (15) 18.5 825 (42%) 362 (63%) 26.4 1,550 0.07 

SBS/POSS 90/10 6 (8) 31.2 1,027 (27%) 755 (23%) 26.9 1,490 0.07 

Hc = Mean Heat of Combustion; SEA = Specific extinction area (smoke measurement) 
Uncertainties: ± 5 % of reported value for residue yields, HRR and Hc data; ± 10% for the carbon monoxide and SEA 
data. Theoretical residue yields in (). 
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nanocomposites did not show either any reduction of heat release rate or of the total heat 
release, but the ignition delay time was much longer that that of PP, as shown in Figure 
11xxxii. These results suggest that POSS FQ did not act as a flame retardant for PP but 
only as a thermal stabilizer. These results reveal that flammability of polymer/POSS 
nanocomposites depends on the type of polymer matrix, the structure of POSS, and 

incorporation of POSS into the polymer structure. If a certain POSS structure 
significantly enhances crosslinks with a matrix polymer to form a significant amount of 
SiOxCy network, not only reduction of heat release rate but also reduction of the total heat 

release could be 
achieved. Another 
important factor for the 
previous inconsistent 
flame retardant 
performance of POSS 
could be due to 
difference in the 
dispersion of POSS in 
the matrix polymer. The 
importance of the 
dispersion of POSS on 
the flame retardant 
performance was 
described for the 
formation of 

oxidatively stable, uniformly covered nonpermeable surface char layer xxxiii . Some 
previous studies demonstrated reasonably effective flame retardant performance of POSS, 
but a recent study with trisylanol phenyl POO in PMMA did not show any FR 
performance as measured in a Cone Calorimeterxxxiv. It was suggested that POSS has a 
potential to reduce heat release rate but one must be careful in selecting the POSS 
material to be evaluated. 
 

Figure 10. Heat release 
rate curves of PU-
nanocomposites on PET 
knitted fabrics at 35 
kW/m2, incorporation of 
the nanoadditives in 
second stage during 
sample preparation [31]. 
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10.3. Carbon based nanocomposites 
 
 There are several different types of carbon-based nanoparticles. One is graphite 
which is a layered material having a thickness of a nano meter, similar to clay particles, 
and others are based on a tubular shape having a diameter of nano meters. Since 
expandable graphite (an intumescent material) is discussed in Chapter 6, it is not 
discussed in this chapter. 
 
10.3.1. Graphite Oxide(GO) 
 The graphite structure consists of carbon layers in a stacked configuration. The 
carbon atoms are bonded covalently in a hexagonal arrangement within each layer and 
these layers are weakly bonded by Van der Waals forces between the layers which makes 
intercalation possible. Graphite does not undergo any ion exchange process but graphite 
oxide can add organophilic ammonium cations between the layers. Molecular dynamics 
simulations of the thermal degradation of a series of PP/graphite nanocomposites at 
873 °K were performed as a function of the distance of the separation between the 
graphite sheetsxxxv. The mass loss curves obtained from these simulations indicate that 
there is a pronounced stabilization of the polymer at a distance of 3.0 nm that results from 
both PP-PP and PP-graphite interactions. Below a distance of 2.5 nm, the Van der Waals 
repulsions between the atoms destabilize the polymer due to high density in the narrow 
space between the graphite sheets. However, at larger spacing between the sheets, the 
interactions with the polymer melt do not provide sufficient resistance to prevent the 
rapid escape of the degradation products from the spaces between the sheets.  

 
 Motivated by the above study, Uhl and Wilkie studied the thermal stability and 
flammability properties of polystyrene(PS)/graphite nanocompositesxxxvi,xxxvii.  
Nanocomposites with graphite concentrations of 1 %, 3 %, and 5 % were prepared by 
two different methods, one was by in situ polymerization in the presence of graphite 
oxide and the other was by melt blending. Graphite oxide was organically modified using 
three different surfactants (GO-C14, GO-10A, and GO-VB16), the structures of which 

Figure 12. Structures of the surfactants . 
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are shown in Fig. 12. The XRD data showed no peaks were observed at 1 % for all three 
modified graphite oxides indicating their exfoliation and also for two of the three 
modified graphite oxides at 3% loading; at 5% loading XRD peaks were clearly seen with 
the d-spacing (plate-to-plate spacing) much larger than that in the GO (non-modified). 
Intercalation of graphite oxide plates was suggested for those samples having the XRD 
peaks. Similar results were observed for the melt blended samples with narrower d-
spacing than those observed in the in situ polymerized samples.    The reduction in peak 
heat release rate ranged from 27% to 54% as shown in Fig 13; the reduction increased as 
the loading of GO increased. It was also observed that GO as well as modified GOs gave 
qualitatively similar reduction (from 1% to 27%) in the peak heat release rate. The time 
to ignition was drastically decreased for the in situ polymerized nanocomposites 
compared to pristine PS. The amount of the reduction in time to ignition for the melt 
blended samples was less than that for the in situ polymerized nanocomposites. Since 
there were no significant difference in thermal stability among all samples (actually there 
was a slight increase in thermal stability for both in situ polymerized nanocomposites and 
the melt blended samples), the observed reduction in time to ignition must be due to some 
other reason. Some other works claimed a more significant increase in thermal stability 
for epoxy/graphite compositesxxxviii and poly(vinyl alcohol)/graphite oxide 
nanocompositesxxxix. One possible reason for the reduction in time to ignition by graphite-
based nanocomposites will be discussed in Section 10.4.1. in this chapter. The observed 
reduction in peak heat release rate for the in situ polymerized PS/graphite 
nanocomposites is comparable to the roughly 50% reduction for PS/clay nanocomposites 
with the 3 % and 5 % clay contentxl.   
 

Figure 13. Heat release rate curves for in situ polymerized PS/GO nanocomposites 
at 35 kW/m2 ref.[37]. 
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 Mixed FR performance of polymer/graphite samples was reported for 
phenolic/graphite and epoxy/graphite composites compared to fiberglass and aramid as a 
filler. Phenolic/graphite had the highest flame resistance but epoxy/graphite had the 
lowest flame resistancexli. Since there was no discussion on the dispersion of graphite in 
the polymers, it is not clear whether the samples studied were nanocomposites or 
microcomposites. 
 
 Very effective FR 
data were obtained with 
styrene-butyl acrylate 
copolymer/graphite oxide 
(St-BA/GO) 
nanocompositesxlii,xliii. The 
GO was prepared by 
oxidation of expandable 
graphite and the St-BA/GO 
nanocomposites (GO content 
of up to 4 % mass fraction) 
were synthesized by 
exfoliation/adsorption of 
monomer followed by in situ 
emulsion polymerization. 
The distribution of the GO 
particles were examined by 
XRD, TEM, and electron 
diffraction; exfoliated GO layers in crystalline structures were observed. The TGA data 
show a slight increase in thermal stability (up to 15 °C with 3 % mass fraction of GO). 

Significant reduction in 
heat release rate by 
increasing content of GO 
has been reported; all 
nanocomposites reduced 
about 40 % of total heat 
released compared with 
that of St-BA, as shown 
in Figures 14 and 15. 
However, ignition delay 
times for the 
nanocomposites were 
shorter than that of the 
pristine sample and it was 
suggested that this could 
be caused by the thermal 
degradation of its organic 
emulsifier resulting in the 
formation of volatile 

Figure 14. Heat release rate curves of St-BA and St-
BA/GO nanocompositesxlii. 

Figure 15. Total heat released for St-BA and St-BA 
nanocomposites at 50 kW/m2 [ref.xlii]. 
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combustiblesxliv or a catalytic effect by Lewis or Bronsted acid sites on the GO layer on 
the initial stages of thermal degradation of the nanocomposites compared to the pristine 
sample. The proposed FR mechanism of the addition of GO is that the formation of a 
char layer consisting of GO acts as a thermal insulator and a mass transport barrier 
slowing the escape of the volatile products generated from the degradation of St-BA.  
 
10.3.2. Carbon Nanotubes 
 
 Since carbon nanotubes were first synthesized in 1991 xlv , there have been 
numerous studies on the preparation of carbon nanotubes and their many different 
applications which take advantage of their unique physical properties such as high 
thermal conductivity (more than 3,000 W/mKxlvi), high electrical conductivity, etc. There 
are two different types of carbon nanotubes, one is single-walled (SWNT) with small 
diameters (1 nm ~ 2 nm) and the other is multi-walled (MWNT) with larger diameters 
(10 nm ~ 100 nm). The manufacturing processes of the nanotubes include direct-current 
arc dischargexlvii, laser ablationxlviii, thermal and plasma enhanced chemical vapor-growth 
depositionxlix,l and flame synthesisli.  After the synthesis of these nanotubes, the tubes 
contain various impurities such as residual catalysts, amorphous carbons, and fullerenes. 
Therefore, these tubes are generally purified by various processes such as oxidation in 
concentrated acidslii, wet-air oxidationliii or high temperature treatmentliv. Detailed studies 
of the effects of cleaning on the characteristics of carbon nanotubes have been reported 
over the last several yearslv,lvi,lvii,lviii,lix. Cleaning of the tubes is critical for obtaining 
thermal stablility and for the preparation of nanocomposites with well-dispersed tubes.  
 
10.3.2.1. SWNT 
 
 A TEM picture of SWNTs is shown in Fig. 16lx. Generally SWNTs form bundles 
(or ropes) due to Van der Waals forces between the tubes.  The black spots in the picture 
are residual catalyst particles. There have been many studies on the enhancement of 
physical properties of polymers by 
polymer/SWNT nanocomposites such 
as electric conductivitylxi,lxii and 
mechanical strengthlxiii,lxiv,lxv. There are 
also several papers reporting on the 
thermal stability of 
nanocomposites62,65,lxvi,lxvii but as far as 
this author is aware only two papers 
reporting on the flammability of 
polymer/SWNT nanocomposites60,lxviii. 
Significantly enhanced thermal 
stability in air was reported for the 
PMMA/SWNT nanocompositeslxii. 
However, a decrease in thermal 
stability in nitrogen was reported for 
epoxy-fluorinated SWNT 
nanocomposites compared to the 

Figure 16. TEM image of SWNT ropes, 
scale bar 10 nm [60]. 
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pristine epoxy and no significant change in thermal stability in nitrogen was observed for  
PMMA/SWNT 
nanocomposites60,

65 compared to the 
pristine PMMA.  
 
 SWNTs 
for the 
flammability 
study of 
PMMA/SWNT 
nanocomposites 
were synthesized 
by the high-
pressure carbon 
monoxide method 
(HiPCo)xlix and 

the coagulation method was 
used to produce the 
PMMA/SWNT 
nanocomposites62 in order to 
control the dispersion of the 
SWNTs in the nanocomposites. 
In the coagulation method, 
dimethylformamide (DMF) 
was chosen to dissolve the 
PMMA and to permit 
dispersion of the SWNT by 
bath sonication. The nanotube 
dispersion in the 
nanocomposites was controlled 
by changing the nanotube 
concentration in DMF. The 
effects of the nanotube 
dispersion in the 
nanocomposites on the 
flammability properties of the 
nanocomposites were 
investigated by comparing the 
flammability properties of the 
nanocomposite with poor 
nanotube dispersion to those 

with good tube dispersion. The global nanotube dispersion was determined by optical 
microscopy; images are shown in Fig. 17. Fig. 17a indicates that the nanotubes are 
relatively uniformly distributed within the polymer matrix on a micrometer scale. By 
using a higher concentration of SWNT in the DMF suspension, the sample in Fig. 17b 

(a) (b) 
Figure 17. Optical microscopy images of PMMA/SWNT(0.5%) 
with two different dispersion of nanotubes, (a) ‘good dispersion’ 
and (b) ‘poor dispersion’ with numerous agglomerates [60]. 

Fig. 18. Effect of SWNT dispersion on heat release 
rate of PMMA/SWNT(0.5%) nanocomposites at 
external radiant flux of 50 kW/m2 [60]. 
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shows regions of nanotube aggregation. The former sample is designated as having ‘good 
dispersion’ and the latter sample is designated as having ‘poor dispersion’. A TEM image 
of the purified original SWNT shows many nanotube bundles with a small amount of 

amorphous carbon 
and of large carbon 
fullerenes with 
many iron particles 
in the nanotubes 
from the residual 
catalyst; see Fig. 16.  
 
 Heat release 
rate histories of 
three different 
samples, PMMA, 
PMMA/SWNT(0.5
%) and 
PMMA/SWNT(0.5
%, poor dispersion), 
were measured in a 
Cone Calorimeter at 
an external radiant 
flux of 50 kW/m2; 
the results are 
shown in Fig. 18. 

The heat release rate of the 
sample with good nanotube 
dispersion is much lower than 
those of pristine PMMA and of 
the sample with poor nanotube 
dispersion. The heat release 
rate of the sample with poor 
nanotube dispersion is not 
appreciably reduced from that 
of pristine PMMA. However, 
the total heat release values of 
all samples are comparable. 
This indicates that the sample 
with relatively good nanotube 
dispersion burns much slower 
than that with poor nanotube 
dispersion but both samples 
eventually burn almost 
completely at an external 
radiant flux of 50 kW/m2.    
 Fig. 20. Effects of SWNT concentration on heat  

release rate curve of PMMA/SWNT at 50 kW/m2. 

(a) (b) 

t = 50 s 

t = 90 s 

t = 120 s 

Fig. 19. Selected video images of PMMA/SWNT(0.5%) 
during gasification tests at 50 kW/m2 in nitrogen; (a) with 
good nanotube dispersion and (b) with poor nanotube 
dispersion. [60]. 
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 In order to understand how the difference in dispersion of the nanotubes affects 
the heat release rate of the nanocomposite, the behavior of the two samples during a 
gasification test in nitrogen atmosphere at an external radiant flux of 50 kW/m2 was 
observed by taking video images. Selected pictures from the video images are shown in 
Fig. 19. For the sample with good nanotube dispersion, numerous small bubbles formed 
initially and their bursting was observed at the surface. This was shortly followed by 
formation of a solid-like behavior with no overt fluid motion. The final residue was a 
continuous dark layer covering the entire sample container. The sample with poor 
nanotube dispersion formed initially many small bubbles and their bursting at the surface 
was followed by the formation of many small black islands. Vigorous bubbling was 
subsequently observed between the islands. At a later time, the islands coalesced into a 

connected structure and their size gradually 
increased during the course of the test. The 
mass loss rate curves of the samples with good 
and poor nanotube dispersion in the 
gasification tests have very similar trends as 
the heat release rate curves shown in Fig. 18. 
  
 
 The effects of SWNT concentration on 
flammability properties of the nanocomposites 
were determined by measuring heat release 
rate curves of PMMA/SWNT nanocomposites 
having good dispersion of the nanotubes at 
levels from 0.1 % to 1 %, prepared by the 
coagulation method. The results are shown in 
Fig. 20. The addition of 0.1% mass fraction of 
SWNT did not significantly reduce the heat 
release rate of PMMA. The most reduction in 
heat release rate was achieved by 0.5 % mass 
fraction. The amount of the reduction with 
0.5 % SWNT (about 60 % reduction) is much 
larger than that with clay (about 28 % 
reduction) even at 3 % loading lxix . The 
behavior of the nanocomposite sample with 

(a) (b)           (c)            (d) 
Fig. 21. Pictures of the residues of PMMA/SWNT after the gasification tests in 
a nitrogen atmosphere at 50 kW/m2; (a) PMMA, (b) PMMA/SWNT(0.2%),  
(c) PMMA/SWNT(0.5%), and (d) PMMA/SWNT(1%). 

Fig. 22. SEM image of the residue of 
PMMA/SWNT(1%) collected after 
gasification test in nitrogen. 



 49

0.2 % SWNT during a gasification test in nitrogen atmosphere was similar to that of 
PMMA/SWNT(0.5%, poor dispersion) i.e., formation of many small, black discrete 
islands after initial numerous small bubbles and their bursting at the surface. Bubbling 
was observed between islands. It appeared that bubbling pushed nanotubes to the islands 
and the size of islands gradually became larger and eventually some of the islands were 
connected to each other. The connected black islands were left behind at the end of test, 
as shown in Fig. 21 (b). For the samples with 0.5 % and 1 %, both samples appeared to 
be solid-like throughout their gasification; a network structured layer covered the sample 
surface during the entire test period and was left behind as a residue without any major, 
open cracks, as shown in Fig. 21 (c) and (d). A SEM image of the residue of 
PMMA/SWNT(1%) shows a network structure consisting of bundled, inter-wined carbon 
nanotubes, as shown in Fig. 22. The residue was strong enough to be readily handled 
without breaking. The amount of each residue collected after the gasification test was 
measured. The results indicate that the addition of the nanotubes only slightly increases 
the amount of the residue from PMMA. 
 
 Despite of an effective FR performance by the previous study lx, another recent 
study shows no FR effectiveness for PE/SWNT samples with the SWNT concentration of 
5 % and 10 % lxviii. These samples were prepared by a melt blending and the dispersion of 
the SWNTs in the sample was not determined. Considering the difficulty of the 
dispersion of SWNTs in a polymer, the results could be due poor dispersion of the 
SWNTs. 
 
10.3.2.2. MWNT 

 
 TEM images of MWNT are shown in Fig. 23. The lower maginification picture in 
the figure shows that the tubes appear to be flexible and have more of an appearance of 
noodles than rods. Many studies have been published on the enhancement of electric 
conductivitylxx,lxxi,lxxii,lxxiii , mechanical propertieslxxiv,lxxv,lxxvi,lxxvii of polymers by 

Fig. 23. TEM images of MWNT; left - scale bar 5 nm and right – scale bar 140 nm. 
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polymer/MWNT nanocomposite and papers on the flammability of polymer/MWNT 
nanocompositeslxxviii,lxxix,lxxx,lxxxi,lxxxii,lxxxiii. It was also reported that the oxidation of PS, PP, 
poly(vinylidene fluoride) (PFV) is retarded by the addition of carbon nanotubeslxxxiv. 
 
 PP/MWNT nanocomposite samples with MWNT loading of 1 %, 2 %, and 4 % 
by mass were melt blended in a shear mixer. The MWNTs were prepared by CVD using 
xylene as a carbon source and ferrocene as a catalyst at about 675 °Clxxxv The distribution 
of the nanotubes in the blended samples was examined by two different methods and 
magnifications. A SEM picture of the MWNT dispersion in the PP/MWNT(4%) 
nanocomposites after solvent removal is shown in Fig. 24(a). The optical microscopy 

image of PMMA/MWNT(1%) is shown in Fig. 24(b), which shows globally well-
dispersed nanotubes in PP at 
large scales and a wide range 
of diameters and lengths of 
nanotubes as shown in Fig. 
24(a). The residual catalyst 
particles (iron) are 
encapsulated at various 
locations inside the nanotubes, 
and also at the nanotube tips, as 
shown in Fig. 24(a). 
Nanoparticulate iron is 
pyrophoric, and could reduce 
the thermal oxidative stability 
of MWNT, as well as possibly 
acting as a catalyst during the 
oxidative degradation of the 
PP/MWNT nanocomposites. 
Since the heat release rate 
curves of the PP/graphitized 
MWNT nanocomposites (with 

Fig. 25. Effects of concentration of MWNT in PP 
on heat release rate of PP/MWNT nanocomposites 
at 50 kW/m2. 

                             (a)                                                                        (b) 
Fig. 24. (a) SEM picture of PP/MWNT(4%) after solvent removal of PP, (b) optical 
 microscopy image of PP/MWNT(1%) nanocomposite in the meltlxxx. 
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iron particles removed by high temperature annealingliv,lxxxvi )  were similar to those of 
PP/MWNT (with iron particles), it was concluded that residual iron particles did not have 
significant effects on heat release rate of PP/MWNT nanocomposites during flaming 
combustionlxxx (little oxygen reaches the sample surface because oxygen is consumed by 
gas phase oxidation reactions). However, strong glowing combustion (smoldering) of the 
sample residues (PP/MWNT with iron) was observed after flaming combustion was over 
(oxygen could then reach the residue surface) during the cone calorimeter tests. 
(Smoldering was not observed with the residue of PP/graphitized MWNT under the same 
conditions). 
 

 The effects of the 
concentration of MWNTs in PP on 
the heat release rate curves of the 
nanocomposites are shown in Fig. 
25. The results show two distinct 
characteristics brought on by the 
addition of MWNTs; first, there is 
a shortened ignition delay time 
with the PP/MWNT(0.5%) 
followed by an increase in ignition 
delay time with an increase in the 
concentration of MWNT; second, 
there is a gradual increase in peak 
heat release rate above about 1 % 
by mass of MWNT. A similar 
trend was also observed for the 
PMMA/SWNT nanocomposites 
(less obvious for PMMA/SWNT 
due to lower concentration of 
SWNT, as shown in Fig. 20.). The 
lowest heat release rate curve for 
PP/MWNT is achieved with about 
1 % by mass of MWNT compared 
to about 0.5 % by mass of SWNT. 
The increase in peak heat release 
rate with concentration of MWNT 

above 1 % 
appears to be due 
to an increase in 
thermal 
conductivity of 
the 
nanocompositelxxx.  
 
 The 
physical behavior 

    (a)   (b)
Fig.26. Sample behavior in the gasification test at 
50 kW/m2 in nitrogen, (a) PP, and (b) 
PP/MWNT(1%).  

Fig. 27. The cross section of the residue of the PP/MWNT (1%).  
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of the PP/MWNT nanocomposites was significantly different from that of PP during the 
gasification test in a nitrogen atmosphere, as shown in Fig. 26. The PP sample behaved 
like a liquid with a fine froth 
top layer generated by the 
bursting of numerous small 
bubbles at the sample surface. 
No char was left at the end of 
the test. However, all the 
PP/MWNT samples behaved 
like a solid without any visible 
melting except at the very 
beginning of the test and the 
shape of the sample or size of 
the sample did not change 
significantly during the test. 
The residue of each sample was 
collected. No cracks were 
observed in any residue of the 
PP/MWNT nanocomposites. 
The network-structured layer of 
the PP/MWNT samples 
covered the entire sample 
surface and extended to the 
bottom of the residue as shown 
in Fig. 27. The residue 
consisted of tangled and roped 
carbon nanotubes. The tubes in the residue were more interwined and larger than those in 
the original sample. The network layer was porous but had physical integrity and did not 
break when lightly picked by one’s fingers. The structure of the residue of the PP/MWNT 
was very similar to that of the residue of the PMMA/SWNT nanocomposites. The mass 
of the network-structured layer was very close to the initial mass of carbon nanotubes in 
the original nanocomposites. This indicates that the network structured layer did not 
enhance char formation from PP. The importance of the 
formation of a network structure and of melt viscosity on 
flame retardant effectiveness were reported for the 
PA6/MWNT nanocomposites prepared from a 
commercially available master batch samplelxxxii.  
 
 Since carbon black (CB) has been used as a filler 
to enhance the physical properties of rubbers, the 
observed flame retardant performance of MWNT and of 
SWNT could possibly be due to the addition of carbon 
alone, independent of its size or/and shape. In order to 
test this hypothesis, two different carbon blacks having 
different surface areas were compounded with PP at the 
same level of carbon concentration in PP as those of the 

Fig. 28. The effects of addition of carbon black 
on mass loss rate of PP at 50 kW/m2 in nitrogen. 

Fig. 29. The residue of 
PP/CB(N299)(1%) after 
gasification test at 
50kW/m2 in nitrogen. 
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PP/MWNT nanocomposites. The surface area of the carbon black designated as N299 
was 102 m2/g and that designated as N762 was 27.3 m2/g. The mass loss rate curves of 
the PP/CB measured at 50 kW/m2 in a nitrogen atmosphere were compared with that of 
PP in Fig. 28. The addition of either carbon black increased the initial mass loss rate 
compared to that of PP. This trend is similar to the addition of MWNTs to PP as shown in 
Fig. 25 (the trend of the heat release rate was very similar to the mass loss ratelxxviii), but 
the reduction in the peak mass loss rate was much less than that for PP/MWNT(1%). 
 
 During the gasification test in a nitrogen atmosphere with the PP/CB samples, the 
sample behaved like a viscous liquid with the formation of large bubbles, which 
frequently burst at the sample surface. The residue of the PP/MWNT(1%) was a smooth 
layer filling the sample container without any cracks (almost the same size as the original 
sample). However, both residues of the PP/CB samples consisted of dispersed, 
aggregated granular particles left at the bottom of the sample container, as shown in Fig.  
 

Table 2. Properties of samples with MWNT at 35 kW/m2, ref. [79]. 
 
29. These results 
indicate that the flame 
retardant effectiveness 
of the PP/MWNT (and 
also PMMA/SWNT) 
nanocomposites is 
mainly due to extended 
shape of the carbon  
nanotubes.  
 
 
 
 There were 
three studieslxviii,lxxix,lxxxi 
to investigate the 
synergistic flame 
retardant performance 
of combined 
organoclay–
MWNT/EVA 

Sample 
 

MWNT(purified) 
   (% by mass) 

MWNT(crude) 
  (% by mass) 

Organo-clay 
(% by mass) 

Ignition 
time (s) 

  PHRR 
  (kW/m2) 

    1           84      580 
    2        2.4           85      520 
    3        4.8         83      405 
    4             2.4       70      530 
    5            4.8       67      470 
    6        2.5          2.5       71      370 
    7            4.8        83      403 

Fig. 30. Heat release rate curves of EVA/clay(4,8%) [A]. 
EVA/MWNT(4.8%) [B], EVA/clay(2.4%)/MWNT(2.4%) 
[C] at external flux of 35 kW/m2. ref. [79] 
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nanocomposites prepared by melt blending. The MWNTs were prepared by catalytic 
decomposition of acetylene with cobalt and iron as catalysts supported on alumina. The 
synthesized MWNTs were directly     
used as a crude sample and purified MWNTs were also made by boiling concentrated 
sodium hydroxide water solution and removing mainly alumina in concentrated 
hydrochloric acid water solution. For the same filler content, either the purified or the 
crude MWNTs act as better flame retardant than organo-clay, with a larger reduction in 
the peak heat release rate and no significant influence on the time of ignition, as shown in 
Table 2. The crude MWNT was as effective in the reduction of the peak heat release rate 
as the purified MWNT. The peak heat release rate of the ternary nanocomposites, filled 
with 2.4 % of an organo-clay and 2.4 % of purified MWNTs was slightly less than that of 
the nanocomposites with either the purified MWNT(4.8%) or the crude MWNT(4.8%). A 
comparison of the heat release rate curves for EVA/clay(4.8%), EVA/MWNT(4.8%), and 
VA/clay(2.4%)/MWNT(2.4%) is shown in Fig. 30. It was speculated that the formation 
of graphitic carbon in char is enhanced when both carbon nanotubes and clay particles are 

applied and this may contribute directly to the reduction of the peak heat release rate. The 
nanotubes also tend to reduce surface cracks of chars, as demonstrated above, leading to 
an increase of barrier resistance to the evolution of flammable volatiles and oxygen 
ingress to the condensed phaselxxxiii. 
 
10.3.2.3 Carbon Nanofibers 
 
 Another type of nanoscale carbon-based particles is vapor grown carbon 
nanofibers (VGCFs) (or carbon nanofibers (CNF)). These diameters are in the range of 
60-200 nm and lengths are tens to hundreds of microns, which are much larger than 
SWNT and MWNT. They are commercially readily available at the level of kg and 
furthermore with different levels of purified samples. TEM images of these nanofibers 

Fig. 31. TEM images of CNF at two different magnifications. 
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are shown in Fig. 31. Many 
polymer nanocomposites 
were prepared with CNF by 
melt blending for 
rheological 
studieslxxxvii,lxxxviii,lxxxix , 
reinforcement of physical 
propertiesxc, and 
enhancement of electric 
conductivitylxxxvii,xci. 
However, published studies 
on the flammability 
properties of polymer/CNF 
nanocomposites are rare. 
Since the enhancement of 
the physical properties by 
the polymer/CNF has been 
demonstrated, it was 
expected that flame 
retardant performance by 
the addition of CNF could 
be as effective as that of 
SWNT and MWNT 
probably with a higher 
loading level of CNF than 
SWNT or MWNT. Our recent results of PMMA/CNF nanocomposites and PP/CNF are 
discussed in this chapter. 
 
 The PMMA/CNF nanocomposites were prepared by the coagulation method 
using DMF as a solvent. The method was the same as that used for the PMMA/SWNT 
discussed in the Section of 10.3.2.1. Two different CNFs were used; one was PR-1 and 
the other was PR-24LHT. The TEM images of PR-24LHT are shown in Fig. 31. 
According to the manufacture of the CNFs (Applied Science Incorporated), PR-1 is as 

Fig. 32. Mass loss rate curves of PMMA/CNF 
nanocomposites at 50 kW/m2 in a nitrogen 

            (a)    (b)     (c)     (d) 
 
Fig. 33. Pictures of the residues after the gasification tests at 50 kW/m2 in nitrogen;  
(a) with PR-24(1%), (b) with PR-24(2%), (c) with PR-24(4%), (d) with PR-1(4%). 
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grown materials with diameters of 100-200 nm containing amorphous carbons, and PR-
24LHT is graphitized fiber by a heat treatment with diameters of 60-150 nm without 
amorphous carbons. The flame retardant effectiveness of these nanofibers was 
investigated by measuring heat release rates of PMMA/CNF nanocomposites at 50 
kW/m2. The results are shown in Fig. 32.  An increase in loading of the PR-24 reduced 
the heat release rate of the nanocomposites up to 4 % by mass (although the reduction in 
heat release from 2 % mass fraction to 4 % mass fraction becomes less than that from 
1 %  mass fraction to 2 %  mass fraction). The PMMA/PR-24(1%) nanocomposite 
showed a muddy liquid-like behavior followed by the formation of many small black 
islands during the test. The islands gradually coalesced with the progress of the test and a 
thin connected mass of black islands was left on the bottom of the sample container at the 
end of the test, as shown in Fig. 33 (a).  Similar behavior was observed for the 
PMMA/PR-24(2%) nanocomposite but it appeared to be more viscous, with the 
formation of large islands followed by a rugged, solid-like appearance accompanied with 
large bubbles and their bursting. A rugged layer without any cracks was left at the end of 
test, as shown in Fig. 33 (b). The PMMA/PR-24(4%) nanocomposite appeared to be 
solid-like, accompanied with several large bubbles and their bursting followed by small 
swelling. A slightly rugged surfaced solid layer without any cracks was left at the end of 
the test, as shown in Fig. 33 (c).  On the other hand, the PMMA/PR-1(4%) 

nanocomposite remained solid-like with a smooth surface without forming any 
significant amount of bubbles over the entire duration of the test. The shape of the residue 
was nearly the same as that of the original sample, as shown in Fig. 33 (d). 
 
 The heat release rate of the PMMA/PR-1(4%) is much less than that of the 
PMMA/PR-1, as shown in Fig. 32. Considering the high purity nature of the PR-24 
(without amorphous carbons) compared to the PR-1 which contains amorphous carbons, 
it is surprising to observe better flame retardant effectiveness of the PR-1 than the PR-24 
in PMMA. The heat treatment for PR-24 could remove any defects and –COOH and –OH 
from the fibers if they existed on the nanofiberslviii. If so, the PR-24 could be less polar 
than the PR-1. Then, the PR-24 in polar PMMA may not be dispersed as well as the PR-

                            (a)            (b) 
 
Fig. 34. Optical microscopy images; (a) PMMA/PR-24(2%), (b) PMMA/PR-1(2%). 
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1dispersed in PMMA. Optical microscopy image of the PMMA/PR-24 (2%) shows well-
dispersed nanofibers with some agglomerated nanofibers, as seen in Fig. 34 (a). However, 
the image of the PMMA/PR-1(2%) shows well-dispersed nanofibers without any 
agglomerates, as seen in Fig. 34 (b). Another possibility to explain the difference in flame 
retardant effectiveness of the two nanofibers is the difference in the size of the two 
nanofibers. The images indicate that the PR-24 might be much smaller diameter and 
much shorter length fibers than the PR-1.   Therefore, the observed better flame retardant 
performance of the PR-1 in PMMA as compared to that of the PR-24 could be due to 
better dispersion of the PR-1 in PMMA and also due to the difference in the size of the 
nanofibers. 
 
 Another example for 
the excellent flame retardant 
performance by PR-1 could be 
seen with PP. A PP/PR-1(4%) 
nanocomposite was prepared 
by melt mixing. The mass loss 
rate of the PP/PR-1(4%) 
nanocomposite was measured 
at 50 kW/m2in a nitrogen 
atmosphere. The 
nanocomposite appeared to be 
solid-like with a smooth 
surface without any cracks 
during the most of the test 
period except for an initial, 
brief period of formation of 
numerous small bubbles and 
their bursting at the surface. 
The size of the residue 
collected at the end of the test 
was nearly the same as that of 
the original sample. The 
measured mass loss rate curve 
is compared with those of 
PP/MWNT nanocomposites described in the previous section and the comparison is 
shown in Fig. 35. The mass loss rate of the PP/PR-1(4%) is slightly less than those of 
PP/MWNT(0.5%) and PP/MWNT(1%). Thus, the heat release rate curve (Fig. 32) and 
the mass loss rate curve (Fig. 35) show effective flame retardant performance by an 
appropriate CNF as long as CNFs are well dispersed without any agglomerates. The 
flame retardant effectiveness of such CNF appears to be as good as those of SWNT and 
of MWNT except CNF requires higher loading than those of SWNT and of MWNT 
(roughly 4 to 8 times by mass). This indicates that the use of CNF is much more 
economical (at least 1/1000) than SWNT to obtain a similar FR performance. 
 
10.4.  Discussion 
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10.4.1. FR Mechanism 
 It appears that the FR mechanism for the nanoparticles discussed in this chapter is 
the formation of a continuous protective layer consisting of a network of the 
nanoparticles and the layer appears to act as a heat shield. All data shown in this chapter 
show that the peak heat release rate could be reduced significantly using nanoscale tube 
shape particles as long as these particles are well dispersed in a polymer matrix as a filler. 
Recent study indicates the direct relationship between viscoelastic measurement (storage 
modulus) and reduction in heat release ratexcii. This suggests that we might be able to 
screen for promising flame retarded polymer nanocomposites by performing viscoelastic 
measurements on the initially fabricated samples.  Although heat release rate is the key 
parameter for fire growth xciii , total heat releases of these nanocomposites are not 
significantly reduced except in the results shown in Figure 15. This means that burning 
rate or flame size of these nanocomposites would be low or small but they would burn 
slowly for a longer time and eventually most of the matrix would be thermally 
decomposed to provide flammable gaseous products. Furthermore, ignition delay times of 
the nanocomposites based on carbons measured in a Cone Calorimeter tend to be shorter 
than those of polymer matrixes despite little difference in thermal stability between the 
nanocomposite and the polymer matrix (In some cases the thermal stability of the 
nanocomposite is slightly higher than that of the matrix.). This shorter ignition delay time 
for the carbon based nanocomposite can be explained with the case of PP/MWNT as an 
example. 
 

 In a Cone 
Calorimeter test, ignition 
is initiated by thermal 
radiation from an 
electrically heated 
element at a temperature 
of about 750 °C. It is 
expected that the 
emission spectra from the 
heater element is that of a 
gray body covering from 
the visible to the far 
infrared but peaking at 
about 2.7 μm.  Therefore, 
there might be significant 
difference in absorption 
characteristics of the 
external emission by 
PP/MWNT as compared 
to that of PP. The 
measured infrared 
transmission spectra of 
the PP sample was 

0

20

40

60

80

100

0

0.2

0.4

0.6

0.8

1

5001000150020002500300035004000

Tr
an

sm
itt

an
ce

 o
f P

P 
(%

) 

Transm
ittance of PP/M

W
N

T (%
) 

Wave Numbers (cm-1)

PP

PP/MWNT
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PP and PP/MWNT (1%) through 200 μm thick film.
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compared with that of the PP/MWNT(1 %) nanocomposite; see Figure 36lxxx. The PP 
shows many absorption bands based on various vibrational modes but there is substantial 
transmission between these bands. This indicates that the external thermal radiant flux of 
50 kW/m2 is absorbed by the PP sample over some depth. On the other hand, the 
PP/MWNT nanocomposite shows no significant transmission bands and all of the 50 
kW/m2 flux is absorbed very near the sample surface, within a distance of 200 μm. 
Therefore, a narrow layer in the vicinity of the PP/MWNT sample surface is rapidly 
heated and its temperature becomes high enough to initiate thermal degradation of PP and 
to generate evolved degradation products of monomer dimer, trimer, and oligomers to 
initiate ignition. On the other hand, the PP sample is heated over a greater depth and it 
thereby takes a longer time to heat the sample to initiate degradation. Thus, the ignition 
delay time of PP/MWNT, in particular at low concentration of MWNT, tends to be 
shorter than that of PP. This explanation applies to any polymer –carbon based 
nanocomposites because of absorption of incident radiant energy by discrete bands based 
on the polymer structure. 
 
 It is also observed that the heat release rates of the nanocomposites during the 
early stage of burning from the onset of ignition (until the establishment of a protective 
layer) are not significantly different from those of the matrix. (A similar trend was 
observed with the polymer nanocomposites with nanoclay particles as a filler. However, 
it appears that the FR effectiveness of carbon nanotubes determined by the reduction in 
heat release rate is better than those with nanoclay particles per unit mass basexciv.) This 
might be the reason why these particles might not be considered as an all-around fire 
retardant since they fail to pass the UL-94 type small ignition testlxxxii. However, a 
performance-based fire safety approach instead of a single go/no - go type test is 
becoming increasingly considered in many countries looking at material flammability 
characteristics of ignition, heat release rate, CO production rate, etc as inputs. Therefore, 
these nanocomposites can help to reduce heat release and slow down fire growth but 
further improvement in their FR effectiveness is needed for a wider application of these 
nanoparticles. An improvement in FR effectiveness could be achieved by significantly 
enhancing the formation of char (more carbons in the polymer matrix remain in the 
condensed phase) or by a combined use with conventional FR additives. 
 
10.4.2. Morphology 
 The dispersion of nanoparticles in polymer nanocomposites has a significant 
effect on their flammability properties as shown in Figure 18. Many studies used TEM 
and/or SEM images to demonstrate the quality of the dispersion of the nanoparticles in 
the nanocomposites. However, these images tend to observe an extremely small area of 
the samples, on the order of 100 nm by 100 nm. These images show the shape, the size, 
and interaction of the nanoparticles but they do not show the overall dispersion of the 
nanoparticles in the samples. Furthermore, there are two aspects which affect the 
effectiveness of TEM analysis. First is the sample preparation. The sample prepared is 
extreme small as described above and the observed area may not represent overall 
dispersion characteristics. The people preparing the sample may select the "good" region 
to cut. The second is the fact that we all prone to look at what we want. So from TEM 
pictures we always see what the observer want. 
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It appears looking at that the dispersion on a μm scale (for example, in the order of 100 
μm by 100 μm) to 
observe the 
formation of 
agglomerates of the 
nanoparticles tends 
to be more 
appropriate for the 
FR effectiveness. 
Such measurements 
could be made with 
confocal 
microscopy or 
optical microscopy 
at various locations 
in the sample. An 
image by confocal 
microscopy of the 
polyamide 6 
nanocomposite with 
2 % clay particles is 
shown in Figure 37 
as an example. This 
image was 
constructed from 
the 300 images 

taken from the surface of a 200 μm thick sheet looking inside the sample in 0.1 μm steps. 
This image shows a large scale distribution pattern of clay particles including several 
agglomerates, which cannot be determined by TEM or SEM. If an image on a scale of 
100 nm by 100 nm were taken, the distribution of the clay particles would be mostly 
judged to be qualitatively reasonable. Ideally, a statistical analysis should be conducted 
on these images to quantify the dispersion of the nanoparticles instead of the qualitative 
image observation which has been commonly used. 
 
10.4.3. Thermal Gravimetric Analysis, TGA  
 
 The measurement of the thermal stability of the polymer nanocomposites by TGA 
is useful for understanding their FR mechanism. Since oxygen is mostly consumed by the 
gas phase oxidation reactions during flaming burning of the nanocomposites, oxygen 
hardly reaches the thermally degrading sample surface beneath the evolved gaseous 
products. Therefore, it is recommended that TGA be conducted in an inert atmosphere 
instead of air.  The results of TGA conducted in air would apply to smoldering 
combustion instead of flaming combustion. Heating rates in TGA are generally at least 
one to three orders magnitude slower than heating rates in fire conditions. The 
composition of the degradation products can be significantly modified by the heating rate 
of the sample. Furthermore, a TGA sample is generally very small (few mg). Then, 

Fig. 37. A confocal microscopy image of PA6/Clay(2%). The 
image dimension is about 100 μm by 100 μm with the thickness 
of 30 μm. 
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secondary reactions of degradation products passing through the sample (real material is 
thicker than that for TGA) are not encountered.  Therefore, one needs to be cautious in 
extrapolating the TGA results, in particular, degradation products, to fire conditions. 
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