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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



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 SWNTSs.
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Nanoparticle networks reduce the
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Synthetic polymeric materials are rapidly replacing more
traditicnal inerganic materials, such as metals, and natural
polymeric materials, such as wood. As these synthetic
materials are flammable, they require modifications to
decrease their flammability through the addition of
flarne-retardant compounds. Environmental regulation has
restricted the use of some halogenated flame-retardant
additives, initiating a search for alternative flame-retardant
additives. Nanoparticle fillers are highly attractive for this
purpose, because they can simultaneously improve both
the physical and flammability properties of the palyrmer
nanocomposite. We show that carbon nanctubes can
surpass nanoclays as effective flame-retardant additives
if they form a jammed netweork structure in the polymer
matrix, such that the material as a whole behaves
rheclogically like a gel. We find this kind of network
formation for a variety of highly extended carbon-based
nanoparticles: single- and multiwalled nanotubes, as well

as carbon nanofibres.

U]

with heating to a temperature at which thermal degradation

initiates. The boiling temperatures of most of the thermal
degradation products of polymers are much lower than the thermal
degradation temperatures of thermoplastics, and the degradation
products are then superheated as they form'. Bubbles nucleate
below the heated polymer surface and grow with the supply of
more degradation products by diffusion from the surrounding
malten plastic’, and they further evolve into the gas phase as
fuel vapour. These bubbles agitate the outer layer of polymer
melt and can interfere with the formation of a solid, char-like
heat-transfer barrier at the boundary'. It has been recognized
that the use of nanoscale reinforcing fillers, such as nanoclay
particles, can help to reduce the flammability of polymeric
materials by inhibiting this vigorous bubbling process in the
course of degradation during combustion’. The addition of these
filler particles often leads to the added benefit of enhancing the
physical properties of nanocomposites relative to the polymer
matrix*. On the other hand, this flame-retardant effect is not
general for all nanocomposite additives. We previously found that
poly{methyl methacrylate) { PMMA )/nanocomposites of nanosilica
(12% mass fraction) showed vigorous bubbling during burning
as in unfilled materials, leading ultimately to a residue consisting
of granular, coarse particles’. The effect of these symmetric
nanoparticles on flammability was only marginal for this class of
fillers. In contrast, nanocomposites based on nanoclay particles
formed a continuous protective solid layer on the burning surface
or extended island structures made of clay and carbonaceous
char during burning™®. (Several review papers are available
that describe the flame-retardant effect of these additives'.)
The presence of the protective layer is clearly important in the
flammability reduction by these additives, but these clay-particle
layers tend to develop large lateral surface cracks in which vigorous
bubbling still occurs'®. These extended nanoparticles are clearly
promising flame retardants, but further studies are needed to
improve the effectiveness of this type of filler and to understand
the physical factors responsible for this flame-retardant effect.

The burning process of a polymeric material typically begins
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Figure 1 Selected sequences of sample behaviour during gasification and the collected residues, The top two rows are sample behaviour and the bottorn row consists
of pictures of the residues. The nanocomposite samples were PMMA with 0.5% mass fraction of sach nanoparticle. The tests were conducted at 50 kW m—2 in nitrogen.

Polymer nanocomposites with low levels of single-walled
carbon nanotubes (SWNTs)"™", multiwalled carbon nanotubes
(MWHNTs)™*** or carbon nanofibres (CNFs)*~* show significantly
increased mechanical properties and electrical conductivity and,
similarly to clay, they have a highly extended structure. Thus,
carbon-based nanoadditives provide another attractive class of
nanoparticle to be examined for flame retardancy. The combination
of nanotubes with clay particles provides another class of materials
worth exploration as flame-retardant additives®*.

We previously found that nanocomposites based on carbon
nanotubes are likewise capable of forming a continuous network-
structured protective layer without the formation of cracks that
compromise the flame-retardant effectiveness. This resulted in a
significant reduction in heat release rate (a fammability measure
related to the fire intensity) with a carbon nanotube mass
concentration as low as 0.5% (refs 21-33). This protective layer
consisted mainly of carbon nanotubes and it seemed to actas aheat
shield for the virgin polymer below the layer™-*, Poorly dispersed
carbon nanotubes resulted in the formation of a discontinuous
layer consisting of fragmented islands (with sizes from 1 to 10 mm)
rather than the continuous network protective layer™. Very low
concentrations of the tubes yielded the same fragmented island
structures as found in the clay nanocomposite measurements. The
flame-retardant performance ofthe nanocomposites containing the
island structures was much poorer than that of the nanocomposites
forming a continuous protective network layer. Thus, the formation
of the network-structured protective layer during burning, without
any openings or cracks, seems to be crucial for the large reduction
in heat release rate. In the present study, we suggest that this
network forms in the original sample under appropriate fabrication
conditions and that this structure provides the main source
of the protective layer that forms during the burning process.
This hypothesis is systematically tested with various sizes and
concentrations of carbon-based nanoparticles in a PMMA matrix.

mature materials | VOL 4 | DECEMBER 2005 | www: nature,comy/naturematerials

The selected nanoparticles all had a common carbon chemistry:
SWHNTs, MWNTs and CNFs. The effects of the size of the tubes
on the physical structure of the protective layer and on the flame-
retardant effectiveness were determined. Carbon black particles
{CBPs) were also included for comparison to gain insight into the
role of particle anisotropy in the flame-retardant effect.

A selected sequence of video images of a sample during
gasification tests is shown in Fig. 1 for an external radiant flux
of 50 kW m=? in nitrogen (no flaming but sample heating
similar to fire conditions). The PMMA had a viscosity-average
nominal molecular mass of 100,000 g mol~" and the mass fraction
of SWNTs, MWNTs, CNFs and CBPs was 0.5% in each case.
Pristine PMMA behaved like a liquid with wigorous bubbling,
and no residue was left in the container at the end of the test.
The PMMA/SWNTS(0.5%) nanocomposite was solid-like and did
not show noticeable bubbling except for a short period after
initial exposure to the external radiant flux. The final residue,
although having a slightly undulating surface, had no deep cracks
and was slightly thinner than the original sample. The residue
mainly consisted of SWNTs with a network structure that was
porous, transmitting about 20% of the external radiant flux
through the roughly 6-mim-thick layer*”. On the other hand,
numerous small island structures (black spots in Fig. 1c) were
formed in the case of the PMMA/MWNTs(0.5%) and the islands
coagulated with the progress of the test, leading to the formation
of large islands having many deep cracks. Vigorous bubbling
was observed through the cracks between the islands. Both the
PMMA/CNFs(0.5%) and the PMMA/CEPs(0.5%) formed slightly
viscous liquids, with vigorous bubbling occurring under heating.
A thin, small, coagulated, network-like residue was left at the
bottom of the container of the PMMA/CNFEs(0.5%) and a thin
black coating over the container surface with several small islands
was left after the test on the PMMA/SCBPs(0.5%:), as shown
in Fig. le.

C2005 Nature Publishing Group
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Figure 2 Effects of the nanoparticle type on mass loss rate. The tests were
conducted at an extemal radiant i of 50 KW m=? in nitrogen.

The mass loss rate of each sample tested in the pasification
test was calculated by taking the time derivative of the measured
sample mass history; the results are plotted in Fig. 2. Only the
PMMA/SWNTs(0.5%) formed the network-structured layer that
suppressed bubbling its mass loss rate was the least among the
five samples, followed by the PMMA/MWNTS(0.5% ). Mass loss
rates of both the PMMASCNFs(0.5%) and the PMMA/CBPs(0.5%)
were not appreciably different from that of the pristine PMMA.
From these observations, we clearly see that the formation of a
network-structured protective layer during burning is crucial for
the improvement in flammability properties, as suggested above.

To validate the hypothesis that a jammed network is formed
in the initial samples, we performed viscoelastic measurements on
the samples as a function of particle type and concentration. The
viscoelastic properties of the PMMA nanocomposites containing
SWHNTs, MWNTs, CNFs or CEPs are presented in Fig. 3 for a
range of filler mass fractions. The storage modulus G provides a
measure of nanocomposite “stiffness’ and its frequency dependence
characterizes whether the material is in a liquid-like or solid-
like state™. At 200 °C and low frequencies, the PMMA/CBPs
composites have nearly the same rheclogical response as pure
PMMA, regardless of the CBP concentration, showing the typical
rheological response of a newtonian liquid behaviour with G~ e
(where @ is the oscillatory frequency) at low frequencies. This
scaling was also observed for PMMA/CNFs nanocomposites
with intermediate concentration loading (that is, 1%) and for
nanocomposites with low loadings of these tubular fillers (that
is, 0.1%). However, for the composites containing a higher
concentration of these extended fillers, this liquid-like low-
frequency scaling of &' disappeared and " became nearly constant
at low frequencies. This indicates a transition from a newtonian
liquid to an ideal hookean solid, which accompanies the formation
of a mechanically stable network structure™* (“fammed network’
or ‘dispersion gel’)*. We term the composition at which this
rheological state is achieved the ‘gel concentration’ 4. Specifically,
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Figure 3 Effects of the nanoparticle type and concentration on the viscoelastic
meastrements. The samples with solid symbols show a gel behaviour at
low frequencies.

we define g as the concentration at which G’ becomes independent
of @ for an extended low-frequency range.

In addition to the filler type and loading, the filler dimension
also had a significant effect on the rheological response of the
nanocomposite. With the same 0.5% filler loading, the SWNT
nanocomposite had solid-like behaviour, whereas the MWNT
nanocomposite had a much reduced elastic response as indicated
by the smaller & at low frequencies relative to the SWNT
nanocomposite and the CNF nanocomposite showed only a liquid-
like behaviour. An increase in the concentration of MWNTs
and CNFs from 0.5% to 1% and 0.5% to 4%, respectively,
yielded a pgel-like rheological response for both MWNT and
CNF nanocomposites. Our estimate of ¢ has the same order
of magnitude as previously reported wvalues of the percolation
concentration for electrical conductivity (0.26 vol% (ref. 37) with
SWHNTs, and 1% (ref 24) and 2% (ref. 38) with MWNTs), but
our nanoparticle concentration is much less than the reported
percolation threshold (a mass fraction of between 10% and 20%)
for CNFs*®. The addition of CEPs for the concentration range
considered in this study did not lead to dispersion gelation. A
relatively high percolation concentration of 9 vol% has been
reported for CBPs®.

Previous work has shown that there should be a general
tendency of g, to decrease with decreasing tube diameter in this
class of extended particles™. We can roughly understand this trend
from the increase in the interfacial area and for tube of a smaller
diameter. It is estimated that the interface areas of the MWNTs
and the CNFs are about 70% and about 10% of that of the
SWINTs, respectively, in 0.5% mass fraction of each type of tubes
in PMMA. The fact that the SWHNTs tend to form bundles or ropes
of nanotubes mitigates the effect of having a small ratic of the
SWNT diameter to the diameter of the MWNTs to some extent.
The relationship between flammability properties and the total
interfacial area is discussed in Supplementary Information.

The results of the pgasification experiments with various
concentrations of SWNTs, MWNTs and CBPs in PMMA are

mature materials | VOL 4 | DECEMEEE 2005 | wwnw.nature.com,/ narurematetials
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Figure 4 Effects of the nanoparticle type and concentration on mass loss rate
and the configuration of the residues. The tests were conducted at an external
radiant flu of 50 KW m=2 in nitrogen. &, Mass loas rate. b, Pictures of the residues.

shown in Fig. 4a. The PMMA/SWNTs(0.2%), which did not
form gelled nanocomposites (see Fig. 3), formed island structures
(Fig. 4b) rather than a continuous network protective layer
Its mass loss rate was also much higher than that of the
PMMA/SWNTs(0.5%), which formed a continuous protective
layer. The PMMAMWNTs(1%) and the PMMA/CNFs({4%) also
formed a network layer (Fig. 4b) and their mass loss rates
were at least as low as that of the PMMA/SWNTs(0.5%).
However, the PMMA/CEPs{4%) formed a thin layer consisting
of the accumulation of a large amount of coagulated granular
particles. In addition, bubbling was observed between the granular

nature materials | VOL 4 | DECEMBER 2005 | www. nature cominaturematerials
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Figare 5 Relaticnships between normalized peak mass loss rate and
nomialized concentration of nanoparticles. Mass loss rates were measured at
&0 KW m~* in nitrogen. The peak mass loss rate is normalized by the peak mass
Ices rate of PMMA The concentration is nommalized by the concentration e, at
which hookean sdid gel & formed. The redationship of m;ﬂjm"tPMMA]M &
1—{2/3) g/ y) provides a fair representation of our data for the pre-gel
concantration range, 0 < @/ g = 1.

particles; this sample’s mass loss rate was as high as that of the
PMMA/SWNTs(0.2%).

These observations indicate that a large reduction in
nanocomposite flammability requires a sufficient nanoparticle
concentration ¢y to form a jammed network within the polymer
network. We next quantify how this flammability reduction
depends on ¢ (the nanoparticle concentration) to show the
transition between the low-flammability reduction regime for small
w and the high-flammability reduction regime for large w. We
normalize the nanoparticle concentration by ¢ for each type of
nanoparticle. From Fig. 3 we estimate gy = 0.5% for SWNTs, 1%
for MWNTs and 4% for CNFs. Although the CBP concentration
used in this study was not sufficient for gelation, we chose a
relatively large concentration of this filler (¢, = %%) to compare
with the extended nanoparticle additives. The relationship between
the normalized concentration of nanoparticles and the normalized
peak mass loss rate is shown in Fig. 5. The peak mass loss rate
Wiy 15 related to the peak heat release rate, which is a key
flammability measure. This figure shows that an increase in the
total surface area sharply decreases the peak mass loss rate until the
manocomposite reaches the critical composition g Then, it seems
that a further increase in the concentration of the nanoparticle does
not significantly affect the mass loss rate. (A further increase in
the concentration of MWHNTs in polypropylene actually increased
the peak heat release rate, which is probably due to an increase
in thermal conductivity of the nanocomposites™.) These results
confirm that achieving ¢, in the initial sample is critical for
obtaining maximally reduced flammability properties. Apparently
the network structure in the initial sample remains intact during
burning, although it was compacted after the PMMA was degraded
and its degradation products were gasified.

3
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Figure & Effects of M, of PMMA on mass loss rate. The tests were conducted at
an extemnal mdiant fiux of 50 KW m= in nitrogen.

The integrity of the network at high temperatures can
be expected to be influenced by the molecular mass of the
polymer matrix. We thus examine the effect of molecular
mass, M, of the resin on the flammability properties of
carbon-based nanocomposites. In particular, we anticipate that
a high-M,, resin (high viscosity) enhances the formation of the
network laver through entanglement couplings of the polymer
chains with the nanotube bundles”. The low-M, resin (low
viscosity) should have a reduced network integrity owing
to the destabilizing effect of the formation and convective
motion of bubbles in the molten nanocomposite under burning
conditions™. The movement of nanoclay particles induced
by bubbles was observed in previous measurements on the
gasification of polyamid é—clay nanocomposites'®. Similar effects
could occur for the extended carbon-based nanocomposites if
the integrity of the network is not sufficiently strong to resist
the movement of bubbles. In order to examine the effects
of M, on the formation of a network and on flammability
properties, PMMA nanocomposites (25,000 and 350,000 g mol ")
were prepared with SWHNTs; these were subjected to the
rheological analysis. The & of the PMMA(3S0K)/SWINTs(0.2%)
was roughly an order of magnitude larger than that of
the PMMA{100KVSWNT=(0.2%) and it also showed a weak
dependence on frequency in the range of low frequencies
(=107" rad s7'). The &' of the PMMA{25K)/SWNTs(0.5%)
was roughly an order of magnitude less than that of the
PMMA(I00K)/SWNTs(0.5%) and showed nearly the same
dependence on w as the PMMA{100K)/ MWNTs(0.5%).

The measured mass loss rates of the PMMA{IS0E)/
SWHNTs(0.2%) and the PMMA(25K)/SWNTs(0.5%) are plotted
in Fig. 6, incuding the PMMA{100K)/SWNTs(0.2%) from
Fig. 4 and the PMDMA{100K)/SWNTs(0.5%) from Fig. 2 for
comparison. Mass loss rates of the nanocomposites with higher
M, = 350,000 g mol™" PMMA were clearly lower than those with

032

lower M, = 100,000 g mol™ PMMA. Even with 0.2% of SWNTs,
the nanocomposites with M, = 350,000 g mol~" PMMA formed
a very wavy, network-structured layer during burning compared
with the formation of islands for M, = 100,000 g mel~' PMMA.
At a mass fraction of 0.5% of SWNTs, the nanocomposite with
M, =25,000 g mol~' PMMA formed a network layer, but its mass
loss rate was about 20% higher than that of the nanocomposite
with M,, = 100,000 g mol~" PMMA as shown in Fig. 6. Although
the nanocompaosites having the characteristic composition of g
are required for significantly reducing flammability properties,
it seems that there is no direct correlation between &7 (platean
in & at low frequencies) at ¢; and the extent of flammability
reduction with the nanoparticles. For example, the mass loss rate
of the PMMA{ 100K)/SWNTs(19) was about the same as that of
the PMMA(100K)/SWNTs(0.5%) even though the former E}P at g
was about four times higher than the latter ¢, Furthermore, the
PMMA( 100K )/ CNFs(4%) nanocomposite had the lowest mass loss
rate, but its G{, at g, was lower than those of PMMA/SWNTs(1%)
and PMMAMWNTs({ 1%) at g,

The propensity to form jammed network structures from
extended nanoparticles should not be limited to tubular-shaped
additives and in future work we plan to examine our network
hypothesis  for the reduced flammability of polymer
nanocomposites in the case of clay (plate) and carbon sheet
additives. We also plan to investigate the role of particle flexibility
and size polydispersity on the critical concentration g, describing
the gel concentration. Finally, we point out that our observations
suggest that we screen for promising flame-retarded polymer
nanocomposites by performing viscoelastic measurements on the
initially fabricated samples.

METHODS

Certain commercial equipment, instruments, materials, services of companies
are identified in this article to specify adequately the experimental procedure.
This in no way implies endorsement or recommendation by MIST.

The matrix polymer is PMMA (Polyscience). The SWNTs were synthesized
by HIPCo and provided from Carbon Manetechnalogizs Inccrporated and
Fester Miller Company. The MWNTs were purchased from Mane Labsratory
and the CMFs (PR-I) were purchased from Applied Science. The CBPs were
W25% provided by Sid Richardson Carbomn. The coagulation method was ussd
to produce all samples™ . Dimethylformarmide was chosen to dissolve the
PMMA and to permit dispersion of the particles by sonication for 24 b A
concentration of 0.2 mg ml~" (particles/dimethylformamide) was used to make
sure that all of the samples had good dispersion of the particles in the sample.
Rheology measurements were performed on a Rheometric Solid Analvzer
(RSAID) in cecillatory shear with a sandwich forture. Samples
12.5 mim < 16 mm = 0.5 mom were run at 200 °C with a strain of 0.5%. Results
were reproducible after one frequency sweep, indicating that there was no chain
degradation or further filler alignment during measurement.

Aradiant gasification ap paratius was designed and constructed at MIST to
study the gasification processes of samples (75 mm diameter and & mm thick)
by reasuring sample mass and recording the sampls behaviour using a video
carera. The apparatus consists of a stainless-steel oylindrical chamber that is
1.70 m tall and 0.61 m in diameter. All tests wers conducted at 50 KW m= in
nitrogen; more detailed discussion of the apparatus is given in our previous
study?!. The standard uncertainty of the measured mass loss rate is + 10%. The
peak mass loss rate mgm isrelated to the peak heat release rate, which is a key
tlammability measure. Ome peak was observed without the formation of a
protective netwark laver, whereas two peaks were abserved with samples having
a jammed networls, as shown in Figs 2 and 4a. The second, late-stage peak
ocours after the formation of the pratective network layer and in this case we
chase this peak to define ’”gm-
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Abstract

Panticle spatial dispersion is a crucial characteristic of polymer composite materials and this propenty is recognized as especially important in
nanocomposite materials due to the general tendency of nanoparticles to aggregate under processing conditions. We introduce dispersion metrics
along with a specified dispersion scale over which material homogeneity is measured and consider how the dispersion metrics correlate quantita-
tively with the variation of basic ninocompaosite properties. We then address the general problem of quantifying nanoparticle spatial dispersion in
model nanocomposites of single-walled carbon nanotubes (SWNTSs ) dispersed in poly(methyl methacrylate ) (PMMA ) at a fixed SWNT concentra-
tion of 0.5% using a ‘coagulation’ fabrication method. Two methods are utilized to measure dispersion, UV—vis spectroscopy and optical confocal
microscopy. Quantitative spatial dispersion levels were obtained through image analysis to obtain a *relative dispersion index” (RDI) representing
the uniformity of the dispersion of SWNTSs inthe samples and through absorbance. We find that the storage modulus, electrical conductivity, and
fammahility property of the nanocomposites correlate well with the RDI. For the nanocomposites containing the same amount of SWNTSs, the
relationships between the quantified dispersion levels and physical properties show about four orders of magnitude variation in storage modulus,
almost eight orders of magnitude variation in electric conductivity, and about T0% reduction in peak mass loss rate at the highest dispersion level
used in this study. The observation of such a profound effect of SWNT dispersion indicates the need for objective dispersion metrics for comrelating
and understanding how the properties of nanocomposites are determined by the concentration, shape and size of the nanotubes,

Published by Elsevier Lid.
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1. Introduction and their potential use in greatly enhancing the physical prop-

erties of polymer nanocomposites [2—6], as summarized in

Since the discovery of catbon nanotubes (CNTs) by lijima
[1]. extensive studies have been conducted explonng their
unique electronic, thermal, optical, and mechanical properties
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(NIST), an agency of the US Government and is not subject to copyright in the
Us.
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E-mail address: takashi kashiwagi®nist gov (T. Kashiwagi).

Q03238615 - see font matter Published by Elsevier Lid,
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recent review articles [7.8]. The outstanding properties are in
part attributed to their extremely high aspect ratio (length-to-
outer diameter ratio) of up to 1000. It is often stated that the
full realization of the reinforcement potental of CNTs re-
quires good spatial dispersion of the CNTs in the polymer
and efficient interfacial stress transfer between the CNTs
and the polymer matrix [7]. To address this general problem,
we must first define some objective method defining what
‘pood dispersion’ means. In particular, we need some kind
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of dispersion metric to evaluate the role of dispersion on nano-
composite properties.

In attempts to achieve well-dispersed CNTs in a polymer,
functionalization of the CNT walls [9,10], use of surfactants
[11], controlled duration of sonication of mixtures of CNTs
in various solvents [12—16], in situ polymerization under son-
ication [17), in situ bulk polymerization [18], high speed me-
chanical stirring [19,20], and compounding using a twin screw
extruder [21,22] have been used. The dispersion of the CNTs
in the polymer was mainly determined by taking images using
transmission electron microscopy (TEM), scanning electron
microscopy (SEM), or optical microscopy. Most studies pro-
vide only a gualitaiive measure of dispersion of the CNTs,
without a specification of the length scale over which these
characterizations are made along with the scale over which
this metrics applied. A guantiiative measure of spatial disper-
sion of nanoparticles is critically needed to understand the
relationship between the original sample characterization
and the physical properties of nanocomposites [23]. Further
improvement in the physical properties of nanocomposite
could be achieved from such a relationship [24].

To develop such a quantitative relationship, papers describ-
ing quantitative characterizations of the dispersion of nanopar-
ticles have been recently published. Four different methods
using small-angle neutron scatiering, near-infrared fluores-
cence measurement, optical absorption spectroscopy, and
resonant Raman scattering were applied to determine the dis-
persion of DNA-wrapped single-walled carbon nanotubes
(SWNTs) in poly(acrylic acid) [25]. The morphology of dis-
persed SWNT was determined by light scattering [12] and
the length and the diameter of mulii-walled carbon nanotubes
(MWNTs) suspended in an agueous solution were determined
by analysis of the images taken by field emission gun scanning
microscope [15]. The dispersion level of SWNTs in poly-
(methyl methacrylate) (PMMA) was characterized by produc-
ing a Raman map over a 40 pm » 40 pm domain by measuring
Raman scattering intensity [13]. A value of the mean standard
deviation (SD) of the Raman scattering intensity over the map
was used as a quantitative dispersion index of the SWNTs in
the PMMA. (A small value of standard deviation in the inten-
sity represents good dispersion.) A similar approach measur-
ing intensity varation of a fluorescence signal from Nile
blue dye distributed in polystyrene of PS/MWNT nanocompo-
sites using a laser scanning confocal microscope was reported
for determining the quantitative level of dispersion over a large
domain size of about 150 pmz [26]. An extensive image anal-
ysis of TEM images of PMMA/montmorillonite and PMMA/
bentonite nanccomposites was conducted to determine quanti-
tative degree of exfoliation of the clay particles [27). The dis-
persion of SWNT in surfactants was determined by optical
absorption spectroscopy but the relation with physical proper-
ties was not obtained [28). Other detailed, statistical analyses
of the dispersion of montmorillonites in polyvinylchloride [29]
and of carbon blacks (CB) in polyamide 6 [30] over a 5 pm =
5 pm domain were conducted by the quantitative image
analysis of the SEM images utilizing the quadrat method of
Morishita [31]. The dispersion pattern of CBs, including
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small and large aggregates, was estimated by the analysis and
Morishita’s index was introduced as a quantitative measure
of the dispersion of CBs.

Although many quantitative physical properties of CNT
nanocomposites have been previously subjected to experimen-
tal investigation, the dispersion characteristic of nanocom-
posites has not been measured, except in the few cases
discussed above where some limited quantification is consid-
ered. The objective of this study is to determine the quantifa-
five relationship between quantitative dispersion levels and the
physical properties of CNT nanocomposites. And, more gener-
ally, to establish a sound approach to this problem when the
spatial scales of dispersion are prescribed in the measurements
of dispersion determined. In this study, multiple dispersion
levels of PMMA/SWNT nanocomposites are prepared using
the coagulation method, which is chosen since it can lead to
highly varable status of particle dispersion. The level of dis-
persion of SWNTs in PMMA for each nanocomposite is quan-
titatively determined by two different methodologies. Physical
properties such as viscoelastic properties, electrical conductiv-
ity, and flammability properties are then measured for each
nanocomposite and the relationships between the physical
properties and the measures of dispersion determined. This
approach allows for a more rational comparison of the
reinforcement performance of polymer by different types of
nanoparticles with the measured dispersion indices of the
nanoparticles.

2. Experimental section
2.1. Sample preparaiion

The matrix polymer used in this paper is poly(methyl
methacrylate) (PMMA) (Polysciences,” My: 100,000 g/mol).
SWNTs for the nanocomposites, synthesized by the high-
pressure carbon monoxide method (HiPCo) [32], were pro-
vided by Carbon Nanotechnologies Inc. and Foster Miller
Co. The metal residue in the SWNTs is less than 13 mass%.
The coagulation method was used to produce the PMMA/
SWNT nanocomposites [33]. In the coagulation method, di-
methylformamide (DMF) was chosen to dissolve the PMMA
and to permit dispersion of the SWNTs by bath sonication
for 24 h. To obtain good nanotube dispersion, the nanotube
concentration in DMF is critical. We can observe nanotube ag-
glomerates by the naked eye at a concentration higher than
0.4 mg/ml, while the 0.2 mg/ml suspension is visually homo-
geneous. Therefore, we can control the nanotube dispersion
in the nanocomposites by changing the nanotube concentra-
tion in DMF, assuming that the state of nanotube dispersion
is comparable in DMF before coagulation and in the polymer
matrix after coagulation suspension [13]. Concentrations of
0.05 mg/ml, 0.1 mg/ml, 02 mg/ml, 0.4 mg/ml, 0.8 mg/ml,

U Cerlain commercial equipments, instruments, materials, services or com-
panies ane identified in this paper in order to specify adequately the experimen-
tal procedure. This in no way implies endorsement o recommendation by
NIST.
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and 1.2 mg/ml were used to make nanocomposites with vari-
ous levels of dispersion. The concentration of SWNTs in
PMMA was 0.5 mass% for all samples. All samples for the
physical measurement were compression molded at 200°C
under a pressure of about 1.4 MPa for a duration of 15 min.

2.2, Development of an objective dispersion metric

Two different methodologies were used to characterize the
quantitative dispersion level of SWNTs in PMMA. One was to
take images of a thin film of each PMMA/SWNT sample us-
ing confocal microscopy which allows a large observation do-
main size of about 100 pm compared to much smaller domain
size of about | pm by TEM or SEM. The other method was
absorption measurement on a thin film of the sample using
UV—vis and near-infrared spectroscopy. Iis observation size
of about 3 mm 3 10 mm x 200 pm thickness was much larger
than that achieved by confocal microscopy. All films were
made by compression molding. A small amount of sample
was placed between thin Kapton films which covered two
mechanically buffed brass plates. A 200 pm thick shim plate
{with a round hole in the center) was inserted between the
two plates to produce a uniform film.

A laser scanning confocal microscope (Model LSMSI0,
Card Zeiss Inc.) was used to image the SWNTs in the
PMMA matrix. The confocal microscope utilizes coherent la-
ser light and collects reflected light exclusively from a single
plane with a thickness of about 100 nm (a pinhole sits conju-
gated to the focal plane and rejects light out of the focal
plang ). However, the smooth front surface was required to de-
fine the surface location. A red laser (4 = 633 nm) was used as
the coherent light and images were taken at 100> magnifica-
ton with an Epiplan-Neofluar 100:/1.30 oil-pool objective.
An LP385 (Rapp OptoElectronic) filter was used to limit the
lower spectra of reflected light. One hundred two-dimensional
images (optical slices with 1024 pixels = 1024 pixels), with
scan size 92.1 % 92.1 pm, were taken at a spacing of 100 nm
by moving the focal plane.

Several different spatial statistical analyses were conducted
with our sample of 100 images. As a first assay of distance
from uniformity, the standard x: statistic [34]

‘Observed — Uniform]”
Uniform

2

X

= .;:[]

wells

was computed for each sample across a range of cubic cell
sizes, ranging from the size of 0.46 pm x 0.46 pm = 0.50 pm
to about 9.2 pm x 9.6 pm x 10 pm. The cubic cell gridding
scheme was consistently applied, for all samples, to the obser-
vation domain consisting of 100 slices of a 1024 = 1024 pixel
image. Initial computations were done in the gray scale pre-
sented by the data. Ultimately, however, comparison to an
estimated background and recoding of pixels as “nanotube
present” or “nanotube not present” (1 or 0) was employed
to the computation of this and other statistics. In each case,
for each density and cube size, the expected “Uniform™ den-
sity cell content was computed as the total number of pixels
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with nanotube present divided by the total number of cubes
scanned. Portions of the solid rectangle of data being binned
and scanned that did not fall within the binning scheme,
boundary areas, were excluded from the counting.

Another, more direct, approach to quantify the degree of
non-conformance of the distribution of carbon nanotubes in
the PMMA matrix to a uniform distribution is to compute
a distance between the empirical and ideal (uniform) distribu-
tions. The ideal is derived directly from the masses of mate-
rials used in the preparation of the composite. The empirical
is computed by tallying nanotubes present in a volume parti-
tion of composite material. The vadational distance is com-
monly employed in mathematical statistics, for example in
determining rates of convergence of one distribution to an-
other. Among multiple equivalent definitions

152, _
=3 |P(UNIF = k) — P(EMPIR = &)

k=0

d= (2)

is the simplest to apply [35]. Domain by domain, one evaluates
the difference between the uniform-predicted probability of
occurrence of a nanotube and the observed probability. One
sums the absolute values of all such differences and divides
by two. The functional described by the formula is a true dis-
tance, symmetric in its two arguments, and satisfying the tri-
angle inequality. The factor é—cusurﬁs that the distance takes
values between 0 and 1.

We prefer to work here in terms of a lineady transformed
variational distance, which we term “relative dispersion index’,

RDI = 100 (1 —d) (3)
Relative dispersion of 100 connotes perfect conformance to
uniform, with successively lower values, down to zero, indi-
cating less and less conformity.

UW—vis and near-infrared absorption measurements were
performed on PMMA/SWNT composites over the wavelength
range of 190—2750 nm, using a Perkin Elmer Lambda 950
UV—vis-NIR spectrophotometer in transmission mode. The
recorded spectra were corrected for the instrument background
and dark current, as well as for absorbance of the PMMA
polymer. The polymer signal was subtracted using the
Beer—Lambert Iaw,z

A = g(c dispersion) = C = L (4]
in which A = In(fy/I') is the absorbance, C the concentration, L
the path length, and ¢ is a parameter that depends on the con-
centration and dispersion of the SWNTs. Subtraction was per-
formed by matching the absorbance of a pure PMMA blank
and the PMMA components of the PMMA/SWNT composites
over the 2700—1800 nm wavelength range. In particular, the

* Homogeneity of the sample is assumed in the Beer—Lambert law. In this
imstance, however, the composites are inhomogeneous, any extinction coefli-
cient caleulated should not be viewed as intrinsic to the SWNTs, but rather
as a function of the processing variables that led tw the ohserved dispersion
of the SWNTSs within the polymer.
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magnitude of the PMMA blank subtraction was set by the
elimination of a spectral feature at 2245 nm due solely o
the polymer matrix. (Since absorbance has a linear relation
to the film thickness, the difference in thickness between
PMMA and PMMA/SWNTs is comected by subtracting the
spectral feature at 2245 nm. No actual thickness measurement
was conducted. We estimate accuracy of +2% for this proce-
dure.) For PMMA in this situation ¢ and C are constants.

2.3, Property measurements

Thermal gravimetric analyses (TGA) were conducted using
a TA Tnstruments TGA Q 500 and a platinum pan at 5 “C/min
from 90 °C to 500°C in nitrogen (flow rate of 60 cm"hnin)_
The standard uncertainty of the sample mass measurement
is +1%.

Viscoelastic measurements were performed on a Rheomet-
ric solid analyzer (RSATI) in oscillatory shear with a sandwich
fixture. Frequency sweep with the sample size of 12.5 mm x
16 mm x 0.5 mm was performed at 200 °C with a strain of
0.5%. Results were reproducible after one frequency sweep,
indicating that there was no degradation of the sample or
additional nanotube alignment during the measurement.

Electrical conductivities of the nanocomposites were mea-
sured at room temperature. A thin film, typically about 100 pm
thickness, was made by compression molding at 200 °C under
the pressure of 1.4 MPa for the duration of 15 min. Gold elec-
trodes with a thickness of 0.1 pm were prepared by sputtering
in argon. We used a parallel plate electrode configuration
where the diameter of the top electrode was 10.0 mm while
the diameter of the bottom electrode was about 13 mm. The
conductivity was obtained from the complex impedance mea-
surements (impedance magnitude Z* and the comesponding
phase angle #), which were carned out in a frequency range
of 40—50 MHz through a four-terminal technique using an
Agilent 4294A Precision Impedance Analyzer. The output
AC voltage was 0.5 V. The complex electrical conductivity
o* was obtained from the measured complex impedance Z*
nomalized by the geometry of the test sample o* = 1/(Z"a),
where 1 is the specimen thickness and a is the area of the top
electrode. The combined relative experimental uncertainty of
the measured complex conductivity magnitude was within
8%, while the relative experimental uncertainty of the dielec-
tric phase angle measurements was about 1%.

A radiant gasification apparatus, similar to a cone calorim-
eter, was designed and constructed at NIST to study the gasi-
fication processes of samples by measuning mass loss rate and
temperatures of the sample exposed to a fire-like heat flux in
a nitrogen atmosphere (no burning). A disc shaped sample
was mounted horizontally and its top surface was exposed to
a well-characterized thermal radiant flux from an electrical
heating element. The weight of the sample was continuously
measured by a sensitive weight device and mass loss rate
was calculated by taking the time derivative of the weight.
The observed mass loss rate in this device correlates well
with heat release rate (a direct measure of the size of a fire)
of polymer/CNT nanocomposites [22,36] and polymer/clay
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nanocomposites [37]. The apparatus consists of a stainless-
steel cylindrical chamber that is 1.70 m tall and 0.61 m in di-
ameter. In order to maintain a negligible background heat flux,
the interior walls of the chamber are painted black and the
chamber walls are water-cooled o 25°C. All ex peri!neuts
were conducted at an incident radiant flux of 50 kW/m". The
unique nature of this device is twofold: (1) observation and re-
sults obtained from it are based solely on the condensed phase
processes due to the absence of any gas phase oxidation reac-
tions and processes; (2) it enables visual observation of gasifi-
cation behavior of a sample vsing a video camera under
a radiant flux similar to that of a fire without any interference
from a flame. A more detailed discussion of the apparatus is
given in our previous study [38]. The standard uncertainty of
the measured mass loss rate is £10%.

3. Results

3.1, Application of dispersion meiric to model PMMA/
SWNT nanocomposites

Three-dimensional reconstructions of the confocal micros-
copy images of each sample with the concentration of SWNT
in DMF at 0.2 mg/ml, 0.4 mg/ml, 0.8 mg/ml, and 1.2 mg/ml
are shown in Fig. 1. These images show SWNT bundles and
agelomerates. Transparent areas correspond to PMMA. The
image of 1.2mg/ml shows numercus, large agglomerates,
but such agglomerates are hardly seen in the images of
0.2 mg/ml and 0.4 mg/ml.

Quantitative spatial uniformity of SWNT in PMMA was de-
termined by calculating the variational distance described in
the previous section. Domain by domain, one evaluates the
difference between the uniform-predicted probability of occur-
rence of a nanotube and the observed probability. The ideal
uniform distance of SWNT bundle was calculated from an es-
timated total number of SWNT bundles in the observation area
of the confocal microscopy. The average size of SWNT bun-
dles was about 7 nm in diameter and 310 nm in length [13]
and it was assumed that the bundle size was same for all sam-
ples. With 0.5 wt% of SWNT in the observation area of
92 um x 92 pm % 10 pm, there were about 2 x 107 SWNT
bundles. The variational distance was calculated by Eq. (2)
and subsequently relative dispersion index, RDI, representing
the quantitative uniformity of the dispersion of SWNT bundles
within the nanocomposite was calculated by Eq. (3). RDI
vares from 100% for a perfect uniform distribution to a poor-
est value of 0%. The RDI values of the six samples are shown
in Fig. 2 as a function of the domain size. Here, one domain
size (92 pm divided by 1092 and 10 pm divided by 100} is
about 90 nm = 90 nm = 100 nm. All RDI values increase
eradually with the domain size. The highest RDI is about
85% for 0.4 mg/ml and the lowest is about 15% for 1.2 mg/ml.

The corresponding values of x: were calculated for the six
samples as an additional indication of quantitative uniformity
of the dispersion of SWNT bundles within the nanocomposite.
The results are shown in Fig. 3. A lower value of x: indicates
better uniformity. The trend of the three different levels of the



T. Kashiwagi et al. | Polvmer 48 (2007 ) 48554866

4859

Fig. 1. Three-dimensional images constructed from confocal microscopy images of the PMMASWNT (0.5%) nanocomposite samples prepared with various
SWNT concentrations in DMF: {2) 0.2 mg/ml, () 04 mg/ml, (¢) 0.8 mgfml, and (d) 1.2 mgdml. The size of the chservation domain is 23 pm = 23 pm = 9.2 g

depth.

uniformity, best with 0.2 mg/ml and 0.4 mg/ml, middle group
of 0,05 mg/ml, 0.1 mg/ml, and 0.8 mg/ml, and the poorest
with 1.2 mg/ml, is similar 1o the pattern with RDI shown in
Fig. 2. However, the 0.2 mg/ml sample displays the best uni-
formity by the y* analysis compared to 0.4 mg/ml for the
RDI analysis.

The absomption spectra of the polymer/SWNT composites
vary systematically with the initial loading concentration of
the SWNTSs in DMF, as shown in Fig. 4. Each absorption spec-
trum was scaled by the known path length through the sample to
a constant thickness equal to that of the PMMA blank. Compos-
ite films cast from the most dilute suspensions (0.1 mg/m! and
0.2 mg/ml) show higher total absorption and sharper definition
of the SWNT van-Hove transitions than the films cast from
higher concentrated suspensions (0.8 mg/ml and 1.2 mg/ml).
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In a poorly dispersed film containing large aggregates, a large
fraction of the total nanotube mass is contained within a small
volume of the composite. This leaves regions of low nanotube
content, in which alarge fraction of the photons are transmitted.
Due to the logarithmic relation between the total transmitted
light over the transmission area and the measured absorption
given by Eq. (5), a few regions of high transmittance will
dominate the observed absorbance.

A =—logy de(maJ (5)

This effect is illustrated schematically in Fig. 5(a). Due to the
logarithmic scaling, nanotubes within aggregates tend not
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Fig. 4. Scaled absomption spectra of the six PMMA/SWNT (0.5%) samples
Diupeain Size. prepared with different concentrations of SWNT in DMF.
Fig. 2. Relative dispersion indices (RDT) of SWNT in PMMA/SWNT (0.5%)

nanocomposites prepared with vadous concentrations of SWNT in DMF {mg/ . s i
ml) vs the domain size, Fig. 4 are the averages of the scaled spectra for the individual

samples.

As shown in Figs. 2 and 3, the values of RDI and x: are not
constant and depend on multiple parameter choices. There-
fore, the values of these parameters must be specified as
RDI (spatial resolution, statistical analysis domain size, obser-
vation image size, and a number of observations at selected lo-
cations in a sample) to carefully characterize under what
conditions these values are obtained. In this study, spatial res-
olution is 0.1 pm, statistical analysis domain size is selected at
| pm3 corresponding to the domain (cell) size of 12 in the two
figures, observation image size is 92 pm = 92 pm x [0 pm,
and the number of observations in a physical measurement
sample s | (only one location).

The calculated values of scaled absorbance at 275 nm, RDI
T i | " i ’ (0.1 pm, | ;unj’, 84,640 |.||113, 1) and f (0.1 pm, 1 pm3,
0008 84,640 pm“, 1) with respect to SWNT concentrations in
m ] DMF are listed in Table . It was anticipated that a lower

i @02 concentration of SWNT in DMF would lead to an improved
N AD4 dispersion of SWNTs in the polymer. However, it appears
.ﬁ i W Luos that the dispersion does not get better beyond about the

&

V1.2

to contribute as significantly to the measured spectrum. A
larger absorbance for a constant film thickness and nanotube
concentration is thus indicative of a better uniformity of
SWNT dispersion within the nanocomposite. The composite
films used for the UV—vis-NIR measurements are shown in
Fig. 5(b). The trend in opacity of the samples seen in this fig-
ure is apparent in the photograph. Although some variation in
the films is apparent, this is primarily due to variations in the
local thickness of the films. Multiple spectra were recorded for
each film and most of the vanation was removed by normali-
zation to the thickness of the PMMA blank. The data shown in

8L v @ N <050 A-03
1 f—r W T I T T ]«-072 a-014

M TTTTTT]<r--08 a-o007

fesde

Imgml O08meml ODdmgml 02meml 01 meml

Chi Square
E\n
]

0 5 10 15 20 Fig. 5. (a) The avermpe tmusmittance and corresponding absorbance for three

illustrated luteral distributions of an absorbing material, The distribution af-
fects the apparent concentmtion calculated using the assumption of homogene-
Fig. 3. v values describing the dispersion level of SWNT in PMMA/SWNT ity implicit in Eq. (41 (b) Photograph of the PMMA/SWNT (0.5%) films used
(0.5%) mnocomposites prepared with various concentrations of SWNT in for the absorhance measurement. The differences in opacity are due primarily
DMF {mg/ml) vs the domain size. to the relative level of dispersion in each film.

Domain Size
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Tahle 1

SWNT concentration in DMF vs scaled absorbance (at 275 nm), relative
dispersion ndex (0.0 pm, 1 |.lT'[l'3, B4640 |.|.m"’, 1 and 1'2 (0.0 pm, 1 |J.'IT13,
£4,640 wm’, 1)

SWNT concentration in DMF (mg/'ml)  Absortance  RDI (%) % (< 107)
.05 275 61 6.3

.1 2.60 o4 L4

0.2 306 iy L1

04 1.80 81 L0

0.8 1.20 53 B0

1.2 .56 28 25

concentration of (.2 mg/ml in DMFE. This might be due to poor
interaction of the tubes with polymer chains in a large volume
of DMF at a low concentration.

The relationship between the RDI (0.0 pm, | pmi,
84,640 |.ut1"’. 1), xl (0.1 pm, 1 ums. 84,640 pml. 1) value,
and the absorbance is shown in Fig. 6. The absorbance is se-
lected at 275 nm, whose value is near the largest as shown
in Fig. 5. The trend shown in Fig. 6 is not significantly mod-
ified by selecting a different domain size for determining RDI
and f value and absorbance at a different wavelength such as
426 nm. The correlation coefficient between RDI (0.1 pm,
| pm?, 84,640 pm?, 1) and y* (0.1 pm, | pm?, 84,640 pm, 1)
value is 0,999, This strong correlation could be due to the use
of the same images taken by confocal microscopy and the fact
that both analysis assay the uniformity of the distribution.
However, the correlation coefficient between RDI (0.1 pm,
| pm?, 84,640 pm’®, 1) and absorbance is 0.735. This poor cor-
relation appears to be due to the RDI value of the 0.4 mg/ml
sample. Without this sample. the comelation coefficient
increases from 0,735 to 0,927, In Section 3, the relationships

N s | T T T T T T T T T _“]E
af e |
I R=0.999 1
25
g g
A :=';
£ 2 108 2
2 =
e L [+]
15F
ik
P N S N N S MRS P, Y
0 20 40 1] 80 100

Relative Dispersion Index (%)

Fig. 6. Relationship between melutive dispersion index (0.1 pm, ||.I.'I'I:l';,
B4.640 pm", 13, ;(z (0.1 e, 1 |.lTl'lA, Bd.640 |.er|'1, 11 with open squares, and
absorbance at 275 nm with solid circles. B is cormelation coefficient.
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between the dispersion levels determined by the above three
analysis and varous physical properties of the nanocomposites
are obtained and compared to find which analysis best corre-
lates with the properties.

3.2, Basic PMMAISWNT nanocomposite properties

3.2.1. Thermal stability

Derivative weight loss rates of the six samples with respect
o temperature in nitrogen are plotted in Fig. 7. The peak
weight loss rate was observed at 362 °C for pristine PMMA
(plot not shown), 364 °C for the sample with the SWNT con-
centration in DMF at 1.2 mg/ml, and at around 370 °C for all
other samples. All the curves shown in this fizure are close
each other. Thus, morphelogy difference in PMMA/SWNT
nanccomposites does not appear to make an appreciable dif-
ference in the thermal stability of the nanocomposites.

3.2.2. Viscoelastic properties

The storage modulus G’ provides a measure of nanocompo-
site “stiffness” and its frequency dependence characterizes
whether the sample is in a liquid-like or solid-like state. Com-
parison of the relationship of storage modulus as a function of
frequency among the six nanocomposite samples is shown in
Fig. 8 at 200°C. G’ of the sample prepared at 1.2 mg/ml in
DMF is not significantly different from that of PMMA and
it shows the typical theological response of a Newtonian liguid
behavior with G' ~ w* (where w is the oscillatory frequency)
at low frequencies. However, (' increases significantly with
a decrease in SWNT concentration in DMF and the liquid-
like scaling of " at low frequencies disappears. G' is about

2 ”

— 105 g ml
=i mgml
= = {).2 el

=== {4 mgml

15 = o (b B el
|

05

Normalized Weight Loss Rate (%/C)

430

Temperature (C)

Fig. 7. DTG, dynamic thermogravimetric, curves of the six PMMASSWNT
(0.5%) nanocomposites prepared by different SWNT  concentmtions in
DMFE TGA was conducted in nitrogen at heating rate of 5°C/min.
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Fig. 8. Storage modulus vs frequency for the PMMASWNT (01.5% ) mumocom-
posites prepared with various concentration of SWNT in DMF (mg/ml).

the same for the three samples based on 0.05 mg/ml, 0.1 mg/
ml, and 0.2 mg/ml in DMF and ' becomes neady constant
at low frequencies. This indicates a transition from a Newto-
man liquid to an ideal Hookean solid. which accompanies
the formation of a mechanically stable network structure
[39] (*jammed network’ or *dispersion gel’) [40]. The forma-
tion of such a structure has significant effects on flammability
properties [41] as shown later in this paper.

3.2.3. Electrical conductivity
The complex conductivity o* of our specimens can be ex-
pressed by Eq. (60):

at =gy + jeege, (6)

where oy, 1s the direct current conductivity (DC), independent
of AC frequency f w=2mf. & is the complex dielectric per-
mittivity of the composite material, &} = egel — jel), and &
is the dielectric permittivity of free space. At low frequencies
the complex admittance term, wege;, is small and the total con-
ductivity becomes real (ff = 0; |o*| = o), independent of fre-
quency, essentially equivalent to DC conductivity. Thus in the
low frequency limit |Z*| sy =Zp and oy = zl_ui

Fig. 9 shows a log—log plot of complex conductivity of the
six nanocomposite samples as a function of frequency. The
plateau seen in each plot extending up to a crossover fre-
quency, f.. comesponds to the DC conductivity o, where
feglel| = mg. It is seen that the samples prepared with
1.2 mg/ml in DMF exhibit a purely dielectric character. The
linear frequency-dependent increase in complex conductivity
on the log—log plot corresponds to a dielectric constant of
about 4.1, Similarly, samples with 0.8 mg/ml show a dielectric
behavior at frequencies above f = 65 Hz. However, with in-
creasing dispersion of SWNT the nanocomposites became in-
creasingly conducting while f, shifts to higher frequencies.
The conductivity oy increases from 107" S/m and reaches
a peak value of about 2.8 x 107 S/m at SWNT/DMF of
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Fig. 9. Complex electrical conductivity vs frequency for the PMMA/SWNT
(0.5%) nunocomposites prepared with variows concentrtions of SWNT in
DMF {mg/ml.

(.2 mg/ml, while f; increases from 65 Hz to about 1.2 MHz.
The conductivity results are summarized in Table 2, which
shows significant effect of the dispersion level of SWNT on o

3.2.4. Flammability property

Mass loss rate curves in nitrogen atmosphere at an external
flux of 50 kW/m® are shown in Fig. 11. All samples were
tested with 4 mm thick samples except for an 8 mm thick sam-
ple prepared at 0.2 mg/ml concentration in DME. This partic-
ular sample was tested in our previous study [36]. It is
expected that the effect of the difference between 8 mm thick-
ness and 4 mm thickness on mass loss rate curve is not signif-
icant, except to give mughly twice longer test time for the
8 mm thick sample than that for the 4 mm thick sample.
(This is the reason why the upper time scale, which applies
only to the sample prepared with 0.2 mg/ml concentration in
DMF (8 mm), is twice long as the lower time scale for all
other samples.) Lower mass loss rte implies lower heat re-
lease rate during burning and thus lower fammability.
Fig. 10 shows the significant effects of the morphology differ-
ence on mass loss rate. The mass loss rate of sample prepared
with 0.2 mg/ml concentration in DMF is roughly 1/3 of that of
pristing PMMA compared to a small reduction of only 10—
209 with samples prepared at 0.8 mg/ml and 1.2 mg/ml con-
centrations in DMF despite there being the same amount of
SWNT in all samples. The pictures of the residues collected

Tahle 2
Effects of SWNT concentration in DMF on electncal conductivity of PMMAY
SWNT (D.5%)

SWNT/DMF (mg/ml) g {S'm)

0.05 28 x 107
0.1 52x%107*
0.2 281073
0.4 B6x 1077
0.8 20x% 1077
1.2 3.2 % 10710
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Fig. 10. Mass loss rate curves of PMMASSWNT (0.5% ) nanocomposites pre-
pared with various concentrations of SWNT in DMF (mg/ml). All samples
were 4 mm thick except 8 mm thick for 0.2 mg/ml. Tests were conducted u
50 KWim® in & nitrogen atmosphere,

at the end of the tests show a relatively uniform, smooth sur-
face for the sample prepared at 0.2 mg/ml concentration in
DMF compared to many large islands for the sample prepared
at 0.8 mg/ml concentration in DMF (Many cracks were
formed for 0.1 mg/ml). During the test for the latter sample,
vigorous bubbling was observed between the islands but no
bubbling was observed except in the very early stages of the
test (within first 30 s) for the sample prepared at 0.2 mg/ml
concentration in DME This observation and the relationship
between the formation of a uniform residue vs the formation
of islands and the mass loss rate curves are consistent with
our previous observation [36.41].

3.3, Relattonship between quantitative dispersion level
and physical properties

As shown above, there are no significant effects of the dis-
persion level of SWNT in the PMMA/SWNT (0.5%) nano-
composites on thermal stability. Relationships between the
dispersion level and physical properties, such as storage mod-
ulus, electrical conductivity, and flammability properties of the
nanocomposites are obtained. Since the quantified dispersion
level by RDI is very similar to that by x~ analysis, as shown
in Fig. 6, only the former analysis as well as the absorbance
is used as measures of dispersion level.

The relationships between storage modulus at 0.05 radfs in
Fig. 8 and dispersion level quantified by RDI (0.1 pm, 1 pm?,
84,640 pm’, 1) and absorbance at wavelength 275 nm in Fig. 5
are plotted in Fig. 1. The second order polynomials fit best as
compared to a power fit or an exponential fit. Both fits show
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Fig. 11. The relationships between storage modulus of PMMASWNT (0.5%)
wt 1.5 rudfs and quantitative dispersion levels of SWNT described with relative
dispersion index (0.1 pm, 1 i, 84,640 pm®, 1) (solid circles) and with absor-
bance at 275 nm (open squares ). Second order polynomial fits and correlation
coeflicient, B, with RDI is 0.84 and that with absorbance is 0,97,

a rapid increase in the storage modulus at low dispersion levels
followed by slow increase in storage modulus at high disper-
sion levels. The storage modulus evidently correlates with
the dispersion level determined by absorbance better than
with that measured by RDI (0.1 pm, 1 pm®, 84,640 um?, 1).
The correlation coefficient of the former is 0.97 compared to
0.84 for the latter. The figure also indicates that storage
modulus can vary about four orders of magnitude with disper-
sion level for a fixed SWNT concentration (0.5%) in the
nanocomposites.

The corresponding relationship between dispersion level
and electrical conductivity is shown in Fig. 12, Both a power
fit and an exponential fit correlate well with either RDI or ab-
sorbance. (A polynomial fit was also used but a fit with the
highest correlation coefficient was selected in this study.)
The correlation coefficient of the power fit with RDI is 0.99
and with absorbance is (.96, The electrcal conductivity varies
by roughly 10% orders with dispersion level for a fixed SWNT
concentration, an effect even more drastic than for storage
modulus. The electric conductivity increases rapidly with an
increase in the dispersion level, but the increase in electrical
conductivity with an increase in dispersion level becomes
lower when the dispersion level is relatively high.

Next, the effect of dispersion level on normalized peak
mass loss rate of the nanocomposites is shown in Fig. 13,
aiven recent interest in SWNT as a fire retardant additive
[36]. The abscissa of the figure is the ratio of the peak mass
loss rate of PMMA/SWNT (0.5%) nanccomposites divided
by the peak mass loss rate of PMMA measured at an extemal
radiant flux of 50 kW/m® in a nitrogen atmosphere. The
smaller the mtio the less flammable is the sample. The figure



4864

Absorbance

(=1

0.0 T T T T T T T T T T T T TT

0.001

0.0001

Electric Conductivity (S/m)

PERRTTT BT ETTT| BT AW E T BETERTIT! EATETRTIIT | BATETRTITT BT AT BT aTT BT )

100
Relative Disfribution Index (%)

Fig. 12. The relationships between electric conductivity of PMMASWNT
(0.5%) and electrical conductivity and quantitative  dispersion levels of
SWNT described with relative dispersion index (0.1 pm, 1 pum®, 84,640 wm?,
1) (sohid circles) and with absorbance at 275 nm (open squares). Power fits
and corelation coefficient, &, with RDI is 0,99 and that with absorbance is
0L.96.

shows about an approximately 70% reduction in flammability
is achieved with the best dispersed sample tested in this study,
so that we again find a large effect of dispersion level on an
important property of these nanocomposites. Contrary to the
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Fig. 13. The relationships between the normalized peak mass loss mite of
PMMA/SWNT (0.5%) by the peak mass loss rate of PMMA and guantitative
dispersion levels of SWNT described with relative dispersion index (0.1 pm,
1 |.|m'g, R4, 640 |.u'u'+, 1} (solid circles) and with absorbance at 275 nm (open
squares). Second order polynomial fits and correlation coefficient, R, with

RDI is 0.96 and that with absorbance is (.99,
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above trend observed for storage modulus and electric conduc-
tivity, it appears that the peak mass loss rate is monotonically
reduced even at the high end of dispersion level (no plateau).
The second order polynomial fit comrelates best as compared to
a power fit and an exponential fit. The correlation coefficient
of the fit with absorbance is (.99 compared to 0.96 with RDI.

4. Discussion

Our measurements of SWNT nanocomposite properties
over a wide range of dispersion level indicate a profound var-
lation in the properties of the nanocomposites and the evident
need for dispersion metrics to allow some control of these
properties and some understanding of why these property
changes come about. The majority of studies show few TEM
or SEM images comprising only a few nanocomposite samples
without any analyses and assume that the dispersion levels of
all the samples are same. However, without any quantitative
analyses of spatial dispersion in all of the samples, the dis-
persion level of each sample might differ. At higher concen-
trations of nanoparticles, distances between nanoparticles
become less and nanoparticles tend to agglomerate or bundle
with each other. Thus, it tends to get more difficult to achieve
ecood dispersion of nanoparticles in nanocomposites at high
concentrations of nanoparticles. This might be one of the rea-
sons why the reported concentrations of nanoparticles needed
to attain percolation in electrical conductivity and in storage
modulus differ significantly among published papers.

We would like to understand better the sources of uncer-
tainty in estimation of the RDIL. There are several possible rea-
sons: (1) the spatial resolution of the images taken by confocal
microscopy might not be fine enough to detect smaller bundles
of SWNTs or individual SWNTs, although their actual
amounts in the samples were not known. The analysis used
in this study might be more appropriate for larger tubes. (2)
Although the observed volume is relatively large compared
to those seen by TEM and SEM, only one location of each
sample was analyzed. The three-dimensional image of the
sample prepared at 0.4 mg/ml concentration in DMF shown
in Fig. L(b) appears to show a more uniform distribution than
the other images. There might be larger scale non-uniformity
in some of the samples. The same analysis used in this study
might need to be applied to a number of statistically selected
locations in the sample to get an overall dispersion level. (3) In
the analysis, a threshold value (taken from the background
measurement of the confocal image of pristine PMMA) was
used to detennine whether there was a tube bundle (designated
as 1) or not (designated as “0") in each cell of about
90 nm = 90 nm = 100 nm size. However, we did not determine
whether there was more than one tube bundle or not. The anal-
ysis clearly requires further refinement to include the relation-
ship between intensity and the number of tube bundles.

The analysis based on absorbance measurement is rela-
tively easy and does not take too much time. However, this ap-
proach may not be used for samples with higher concentration
of tubes because the absorbance becomes too high to allow ap-
plication of the Beer—Lambert law described by Eq. (4). For
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a comparison of dispersion between two different resins and/or
different nanoparticles, this approach requires multiple cali-
brations and consequently it could become more complicated.
It would appear to be most suited for comparison of the disper-
sion of the same type of nanoparticles with different sample
preparation conditions, for example different mixing times,
but keeping the same composition. Although the analysis us-
ing confocal microscopy might need further improvements
to remove the above uncertainties, it can apply to higher con-
centration samples and it might also be possible to compare
two different sample types based on different resins and/or dif-
ferent types of particles. Although a uniform distribution of
tubes in nanocomposites is one of the requirements for better
physical properties, electrical conductivity of nanocomposites
can be significantly increased with specific alignment of tubes
[42] or the formation of interconnected agglomerates [19].
Therefore, three-dimensional reconstructed images by X-ray
transmission could be used to obtain detailed morphology in-
cluding distribution, orientation, size, if the spatial resolution
of this method were to be improved [43].

5. Conclusions

Relation between our relative dispersion metric and the prop-
erties of PMMA/SWNT nanocomposites was obtained at afixed
SWNT concentration of 0.5%. When the sample preparation
method led to large range of dispersions in the samples, the dis-
persion metric of SWNTs was detenmined by two different
methods, one was anabsorbance measurement by UV —vis spec-
troscopy and the other was a statistical analysis of 100 images
taken by confocal microscopy. The observation domain of the
former was about 3 mm x 10 mm x 200 pm thickness and
that of the latter was about 92 pm = 92 pm x 10 pm thickness.
Quantitative spatial dispersion levels were obtained through im-
age analysis to obtain a ‘relative dispersion index’ representing
the uniformity of the dispersion of SWNTs in the samples and
through the absorbance. The storage modulus, electrical con-
ductivity, and flammability property (normalized peak mass
loss rate) of the PMMA/SWNT (0.5%) nanocomposites are
well correlated with respect to the quantified dispersion levels
determined by the two different analyses. The relation between
the quantified dispersion levels and physical properties shows
about four orders of magnitude variation in the storage modulus,
almost eight orders of magnitude variation in electrical conduc-
tivity, and about 70% reduction in peak mass loss rate at the
highest dispersion level used in this study. With the profound ef-
fects of dispersion of SWNTs, objective dispersion metrics in an
appropriate scale must be measured to understand how the prop-
erties of nanocomposites depend on the concentration, shape
and size of the nanotubes and the reproducibility of the proper-
ties in the preparation of samples under nominally fixed prepa-
ration conditions.
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Abstract

The effects of the aspect ratio of multi-walled carbon nanotwbes (MWNTs) on the rheology and fammability of polvstyrene/MWNT nano-
composites are studied using two MWNTS having average aspect ratios (length to outer diameter) of 49 and 150, Dynarmic theological experi-
ments show that the particles with the larger aspect ratio impart much higher storage moduli and complex viscosilies (o the nanocomposiles
compared 1o equivalent mass loadings of particles with the smaller aspect ratio. Additionally, in lammability experiments, the larger aspect ratio
particles lead to a greater reduction in mass loss rate, ie, they are more effective at reducing Aammability. These resulls demonstrate that the
aspect ratio of MWNTs is a key parameter in conirolling the rheology and fammability of polymer nanocomposiles,

Published by Elsevier Lid.

Keywords: Aspect ratio; Flammability ; Manocomposites

L. Introduction

Polymer nanocomposites have attracted a great deal of
interest due to their ability to improve physical properties of
polymers such as mechanical and thermal properties. In partic
ular. polymer—carbon nanotube nanocomposites have been
extensively studied to explore their unigue electronic, thermal.
optical. and mechanical properties [1—5]. as summarized in
recent review articles [6.7]. Furthermore, an improvement in
the flammability propertics of polymers has been achieved
with polymer—carbon nanotube nanocomposites, which could
provide an altemative to conventional flame retardants [B—15].

* This was carried out by the National [nstitute of Standards and Technology
{NIST), an agency of the US Govermnment which, by statute, is not subject to
copyright in LS.

* Corresponding awthor,

E-mail address: takashi kashiwagi @ nist. gov (T, Kashiwagi).
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doi: 10, 10164/ poly mer.2007.07 070
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The outstanding improvement of physical properties with
carbon nanotubes is in part attibuted to their extremely high
aspect ratio (length to outer diameter ratio) of up to 1000, An
increase in the aspect ratio of single-walled carbon nanotube
(SWNT) increases Young's modulus [ 16] and reduces critical
concentration for the formation of a percolation network [ 17].
Other evidence includes higher electric and thermal conductiv
ities of epoxy—carbon nunotube nanocomposites with high as
pect ratio of the tubes [18] and higher thermal conductivity of
poly o-olefin‘multi-walled carbon nanotube nanocomposites
[19]. Furthermaore, polymer—clay nanocomposites with higher
aspect ratios (length to thickness ratio) of clay particles are
also found to have enhanced barrier [20.21] and mechanical
properties [22-24].

Although many studies have shown enhanced physical
properties of polymer nanocomposites with increasing aspect
ratio, only a limited study on the effects of aspect ratio
of nanoparticles on  flammability properties of polymer



B.H. Cipiriara er al. | Polmer 48 {2007) &8 68006 GORT

nanocompaosites has been reported. In particular, the measure

ment has been limited to clay nanocomposites [25]. The objec

tive of this study is to determine the effects of aspect ratio of
MWNT on the flammability properties of polystyrene. It has
been demonstrated that the formation of a jammed network
composed of carbon nanotubes in the initial composite sam

ples is critical to significantly reduce the heat release rate of
the composites [ 15]. Therefore, dynamic measurement of stor

age modulus of the samples is made at an elevated temperature
to determine the effects of aspect ratio of MWNT on network
formation in these materials.

2. Experimental
2.1. Marerials

The matrix polymer used in this study was PS (Styron
666D, Dow Chemical, melt mass flow rate of 8.0 g/10 min
at 200°C)." Two different MWNTs were used; one was pur
chased from Hyperon Catalyst International in the form of
a master batch with a mass concentration of 20% in PS. Other
MWNTs were made using xylene as a carbon source and
ferrocene as a catalyst at about 675 °C by a chemical vapor
deposition, CVID, method at the University of Kentucky [26].

2.2, Composites

Composites were prepared at the University of Kentucky by
melt blending the MWNT—polystyrene mixture in a Haake
PolyLab shear mixer. The mixture temperature was set at
18D °C and the polystyrene pellets were added to the mixer
running at a speed of 20 rpm. The pellets melted in about
3 min, and the MWNTs were added at this time and mixing
was continued for 40 min. For the Hyperion master batch, ap
propriate amounts of the PS pellets and of the master batch
pellets were mixed and fed into o B & P Process Equipment
and Systems twin-screw extruder (co-rotating, intermeshing,
L:D equals 25:1) at NIST. Operating  conditions  were
400 rpm screw speed and 185 °C barrel temperature in all
zones except the last zone (195 °C). Samples with mass con
centrations of 0.2%, 0.5%, 1%, 2%, and 4% MWNT were pre
pared with the two MWNTs. All samples for measuring
flammability properties (discs of 75 mm diameter and 4 mm
thickness) were compression molded at 200 °C under a pres
sure of about 1.4 MPa for a duration of 15 min.

2.3, Sample characterization

The morphologies of the nanotubes in the melt blended
samples were evaluated using a laser confocal microscope
(Model LSM310, Carl Zeiss Inc.) to image the MWNTSs in
the PS matrix. The confocal microscope utilizes coherent Laser

! Certain commercial equipment, instruments, materials, services or compa-
mies are identified in this paper in order to specify adequately the experimental
procedure. Thiz in no way implics endorsement or recommendation by NIST.

light and collects reflected light exclusively from a single
plane with a thickness of 100 nm (a pinhole sits conjugated
to the focal plane and rejects light out of the focal plane).
A red laser (4 =633 nm) was used as the coherent light and
images were taken at 100> magnification with an Epiplan
Neofluar 100:/1.30 oil-pool objective. An LP385 (Rapp
Opto Electronic) filter was used to limit the lower spectra of
reflected light. One hundred two-dimensional images (optical
slices with 512 pixels = 512 pixels). with scan  size
92,1 = 92,1 pm, were taken at a spacing of 100 nm by moving
the focal plane.

The aspect ratio of the MWNTs was evaluated using scan
ning and transmission electron microscopies (SEM and TEM ).
The SEM, Phillips ESEM — E3, was operated at a voltage of
30 kV. The TEM. Hitachi H-600, was operated at a voltage of
100 kEV. MWNT s were isolated from the nanocomposite by ex
traction of polystyrene in tetrahydrofuran, THE The MWNTSs
were then dried and redispersed at very low concentrations
(~0.001 mg/mL) in THF by stirring. Ultrasonication was
avoided since it is known to modify nanotube length. Drops
of the MWNT dispersion in THF were dried onto the freshly
cleaved mica surfaces for evaluation using SEM. Nitrogen
was blown on the drops to vaporize the THF quickly and pre
vent substantial tube aggregation. For evaluation using TEM,
drops of the dispersion were dried onto a copper grid covered
with carbon film (Ted Pella, Redding, CA).

Rheological experiments were performed on an RDAII
strain-controlled rheometer (TA Instruments) equipped with
a convection oven. A parallel plate geometry (25 mm diame
ter) was used with a gap of 0.9 mm. Samples were prepared
by melt-pressing nanocomposite pellets at 150 °C and a pres
sure of about 0,93 MPa. All rheclogical experiments were
performed at 200°C and in a nitrogen atmosphere o avoid
oxidative degradation of polystyrene. The gap reference was
set at 200 °C. Dynamic rheological experiments were con
ducted to measure the storage and loss moduli as a function
of frequency (0.01=100rad/s) at a constant strain of 0.5%
(this value of strain was verified to be in the linear viscoelastic
regime of the sample). Thermogravimetric analysis (TGA)
was conducted using a TA Instruments TGA Q500 at a heating
rate of 5 °C/min from 90 °C to 500 “C in nitrogen (flow rate of
60 cm’/min) for the original nanocomposite samples (about
5 mg) in a platinum pan.

2.4, Flammability property measurement

A cone calorimeter built by NIST was used 1o measure
ignition characteristics, heat release rate, and sample mass
loss rate according to ASME E1354/1S0 5660, An external
radiant heat flux of 50 kW/m® was applied. All of the samples
were measured in the hordzontal position and wrapped with
a thin aluminum foil except for the irradiated sample surface.
The standard uncertainty of the measured heat release rate was
+10%.

A radiant  gasification  apparatus, somewhat similar to
a cone calorimeter, was designed and constructed at NIST to
study the gasification processes of samples by measuring
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mass loss rate and temperatures of the sample exposed o
a fire-like heat flux in a nitrogen atmosphere (no burning).
The apparatus consists of a stainless-steel cylindrical chamber
that is 1.70 m tall and (.61 m in diameter. In order to maintain
a negligible background heat flux, the interior walls of the
chamber are painted black and the chamber walls are water-
cooled to 25 °C. All experiments were conducted at 50 k'W/
m?. The unique nature of this device is threefold: (1) observa-
tion and results obtained from it are only based on the con-
densed phase processes due to the absence of any gas phase
axidation reactions and processes; (2) it enables visual obser-
vations of gasification behavior of a sample using a video cam-
era under a radiant flux similar to that of a fire without any
interference from a flame; (3) the external flux to the sample
surface is well-defined and nearly constant over the duration
of an entire experiment (and over the spatial extent of the sam-
ple surface ) due o the absence of heat feedback from a flame.
A more detailed discussion of the appamtus is given in a
previous study [27]: the standard relative uncertainty of the
measurad mass loss rate is =10%.

3. Results
3.4, Aspecr ratio and morphology of the MWNTs in P§

TEM images of the two types of MWNTs studied here
(from Kentucky and Hyperion, respectively) are shown in
Fig. |. In order to determine the aspect ratio for both types
of MWNTSs, it is important to extract the MWNTs from com-
pounded PS/MWNT samples because particle sizes might be
modified during extrusion, A minimum of 140 measurements
of diameter and of 200 measurements of length was conducted
for both types of MWNTSs. Histograms of MWNT length and
diameter are shown in Fig. 2 for the extracted Kentucky
MWNTSs and in Fig. 3 for the Hyperion MWNTs. The avemge
diameter and length of the Kentucky MWNTs were obtained
by SEM (images not shown) and they are 75+ 54 nm and
11.3+£ 5.6 pm, respectively. The dimensions of the Hyperion
MWNTs were determined by using TEM and they are
T.1=25nm and 351 = 195 nm, respectively. The large stan-
dard deviation was mainly due to a few large or extremely

BH. Cipiriano et al | Polmer 48 (2007) 60866095

long and large tubes, as shown in Figs. 2 and 3. The average
aspect ratio obtained by dividing the average length by the av-
erage diameter is 150 for the Kentucky MWNT s and 49 for the
Hyperion MWNTs. Henceforth, the Kentucky MWNTs will be
designated as MWNT-150 and the Hyperion MWNTs as
MWNT-49.

Sinee a good dispersion of the nanotubes in the polymer
matrix is crucial for the reduction in flammability [14.28].
the distribution of the twbes in the PS/MWNT samples was ex-
amined by confocal microscopy to globally observe the disper-
sion of the MWNTs, as shown in Fig. 4. Each MWNT-150
tube can be seen in the figure and these tubes are well dis-
persed in PS without forming many ageglomerates. However,
the confocal microscopy has barely enough spatial resolution
to see each MWNT-49 tube due to its much smaller size
than MWNT-150. All images show no formation of agglomer-
ates except some possibility in the image of Fg. 4(b). From
these images and others (not shown), we consider that both
tubes were reasonably well dispersed in PS.

3.2, Thermal swabiliry

Thermogravimetnic analysis was conducted in nitrogen at
a heating rate of 5°C/min. Although previous studies did
not conclusively exclude the effects of oxygen in surrounding
air on thermal degradation of polymeric materials during burn-
ing of polymers, oxidation reactions of the polymers appearto
be insignificant (oxvgen is mainly consumed by gas phase re-
actions, Le., the flame). An exception is the case in which the
flame does not cover the entire buming surface or the burning/
pyrolysis rate is extremely low [29.30]. Addition of either
MWNT-150 or MWNT49 1o PS5 does not show significant
effects on thermal stability of PS even with significant mass
concentration of MWNTS, as shown in Fig. 5.

4.3, Viscoelastc propertics

We previously found that nanocomposites based on carbon
nanotubes are capable of forming a continuous network-struc-
tured protective layer that mainly consists of the tubes without
the formation of any openingforacks [14.15]. (Vigorous

Fig. 1. TEM images of the MWNTs extracted from the composites, left is MWNT= in FS/MWNT prepared at University of Kentucky and right is MWNTs in

PE/MWNT compounded with the Hyperion master hatch.
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Fig. 2. Histogram plots of the dimension of MWNT, prepared at the University of Kentucky, extracted from the compounded PS/MWHNT: {a) tube length and (b)

tube diameter.

bubbling through any openingfcracks supplies evolved com
bustible degradation products to a flame. which compromises
the flame retardant effectiveness.) This results in a significant
reduction in heat release rate (a flammability measure related
to the intensity/size of fire; the lower the heat release rate, the
smaller the size of fire) with a carbon nanotube mass concen
tration as low as 0.5% [15]. Since the network is formed in the
initial composite samples, flame retardant effectiveness could
be estimated from the measurement of storage modulus of the
initial samples. The storage modulus ' provides a measure of
nanocomposites” Cstiffness’ and its frequency dependence
characterizes whether the material is liquid-like or solid-like.
Fig. 6 plots &' for PSIMWNT composites made from the
MWNTs of two different aspect ratios, At 200 °C, the &' curve
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of PS shows the typical response of a viscous liquid with
G~ o at low frequencies w. At a 1% MWNT loading, the
G’ of PS/MWNT-49 is slightly higher than that of PS, while
the G of PS/MWNT-150 is even higher. At higher mass con
centrations of MWNTS, the liguid-like low-frequency scaling
of " disappears and ' becomes nearly constant at low fre
guencies. We term the compaosition at which this rheological
state is achieved as the “gel concentration”, ¢,. We define ¢
as the concentration at which &' becomes independent of ¢
for an extended low-frequency range. The @, of the compos
ites with MWNT-150 is between 1% and 2% compared to
about 4% with MWNT-49,

Fig. 7 plots the storage modulus measured at a frequency of
0.5 radss for PS/MWNT-150 and PS/MWNT-49 as a function
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of MWNT concentration. This data reiterate that the G’ for
MWNT-150 composites is significantly larger than that for
MWNT-49 at all mass concentrations studied. Note that at
a mass concentration of 0.1% with MWNT-150 and 0.1%
and 0.2% with MWNT-49 the 7 of the composites are less
than that of pristine PS. This reduction in ' is due to a small
reduction in molecular weight of PS during compounding, and
similar reduction in G" has been observed for extruded poly

mer—clay composites at low clay concentrations [31.32]. If

we define a percolation concentration of MWNT, ¢, as the
concentration when the intertube interactions dominate over
polymer chain interactions, ¢, for PS'MWNT-150 is about
0.35% and that for PS/AMWNTA9 is 0.62%. It has been known

logically with mass concentration according to a power law
[17.33]

I [ W
G Grg~[lp — o)/ v

The inset in Fig. 7 shows that the above relationship ade
quately describes the ' data for both PS/MWNT-150 and
PSMMWNT-49, with the value of §=2 for the former and
2.3 for the latter. Indeed, § = 2 is atypical experimental value
for networks of stiff fibers [35].

We now consider the effects of aspect ratio and mass con
centration of MWNT on complex viscosity at 200 °C (Fig. 8).
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Fig. 4. Confocal microscopic images with a scale bar of 20 pm : (a) PS/MWNT-150 (1%, (b) PS/MWNT-150 (25, () PS/MWRT-150 (45, (d) PS/MWRNT=19

(1%, {e) PS/IMWNT-49 (2%, and () PS/MWNT-49 (4%).

Since suppression of bubbling caused by the nucleation of
degradation products in the polymer melt [34] is required
for effective flame retardant performance, the melt viscosity
of the composites at elevated temperatures might play an im
portant role in this process. The data in Fig. 8 show an increase
by about two orders of magnitude in the complex viscosity at
low frequencies upon addition of 4% MWNTs. This signifi
cant increase in complex viscosity indicates an increasing im
portance of tube—tube interactions in dictating the rheological
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Hg. 5. Derivative thermogmyvimetric mass loss mies of selocted zamples,

ties of the composites with MWNT-150 are higher than those
with MWNT-49 at the same mass concentration (similar to the
trend in Figs. 6 and 7 for ). These results suggest that the
PS/MWNT-130 samples should be less flammable than those
of PS/MWNT-49 at the same MWNT concentration.
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Fig. 6. Effects of aspect ratio and of mass concentration of MWNT on storage
modulus of PS/MWNT nanocompaosites at 200 °C,
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34, Flammability properties

The mass of a sample was continuously measured under an
external radiant flux of 50 kKW/m® in a slow flowing nitrogen
atmosphere and mass loss rate was calculated by taking the
time derivative of the measured weight change. The results
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with PS/MWNT-150 and with PS/MWNT-49 at various mass
concentrations of the MWNT are shown in Fig. 9(a) and (b),
respectively. At low mass concentrations of both MWNTs,
the reduction in mass loss rate was relatively small. The nano
compaosites behaved like a liguid with numerous bubbles

()

40

PISMWNT-150

kWim?,

Mass Loss Rate (g/m2s)

(b)

Mass Loss Rate (g/m?s)

50 100 150 200

Time (s)
Fig. 9. Effocts of mass concentration of MWNT on mass loss mate of PS5/

MWHNT nanocomposites at 50 EWim® in nrifrogen: (a) samples with MWNT-
150 and (b) with MWNT-49.
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during the test and no char was left in the container. Also, sam

ples with low mass concentrations of either of the MWNT s be

haved like a viscous liquid with accompanying formation and
bursting of many large bubbles and formation of many small
black islands. Such islands were left at the end of the test as
can be seen in the images shown in Fig. 10, The number
and size of the islands increased with an increase in mass con

centration of MWNTs. With 1% of MWNT-150, the sample
behaved almost like a solid with a wavy surface contour;
PSAMWNT-150 (29%) and PS/MWNT-150 (4%) also behaved
like a solid forming a uniform protective layver with a smooth
surface without any openings. This protective layer has a ran

domly interlaced network structure mainly consisting of the
MWNTs [10,14]. PS/MMWNT-150 (29%) has the lowest mass
loss rate as shown in Fig. 11. However. PS/MWNT-150
(4%) has higher peak mass loss rate than that of PS/IMWNT
150 (2%). The measured transmitted heat flux through the res

idue of PS/MWNT-150 (4%) collected after the gasification
test was about 15 kW/m’ compared to about 12.5 kWim® for
the residue of PS/MWNT (29%). This higher transmitted heat
flux for the residue of PS/MWNT-150 (4%) is due to an in

crease in thermal conductivity of the sample at high MWNT
mass concentration [10]. The sample with higher thermal con

ductivity tends to slow the increase in initial mass loss rate but
to increase it later after accumulation of energy in the sample.
The mass loss rate of PS/IMWNT-4Y decreases with an in

crease in mass concentration of the tubes, but the peak muss
loss rate tends to be higher than that of PS/AMWNT-150 at
the same mass concentration of tubes. It appears that true per

colation-like behavior is not responsible for the reduction in
mass loss rate of PSMWNT-49. The residue even at 4%
mass concentration consisted of numerous granular. coarse
particles, as shown in Fig. 10, instead of a uniform protective

(1%)

(a) (h)

Fig. 10, Comparizon of residues of PS/MW NT nanocomposites, based on MWNT-150 and MWHRNT-49, collected after the gasification testat 50 EW/m® in nitrogen.
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Fig. 11. The effects of aspect ratio of MWNT on the relationship between mass
loss rate peak and mass concentration of MWNT.

layer. Bubbling in the space between the particles could be
seen during the test.

It has been demonstrated that the flame retardant perfor
mance of polymer—carbon nanotube nanocomposites s
mainly due to the physical process of heat shielding by the for
mation of a network-structured protective laver in the con
densed phase [10.14.15]. Therefore. it is expectad that the
heat release rate curves of these samples would be similar o
the mass loss rate curves shown in Fig. 9. Observed heat

(4%)

MWNT-150

@ MWNT-49
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release rate curves with the two different MWNTS at various
mass concentrations of the tubes are shown in Fig. 12, The
observed trends are very similar to those observed in Fig. 9,
including lower peak heat release rates for PSIMWNT- 150 as
compared to those of PS/MWNT49 at the same tbe mass
concentration. Furthermore, the peak heat release rate of PS/
MWNT-150 (4%) is higher than that of PS/MWNT-150
(2%) as observed in Fig. 9 due to an increase in thermal con
ductivity for PS'IMWNT- 150 (4%) as described above.

4. Discussion

The above results clearly show the importance of aspect
ratio of MWNT on viscoelastic properties and flammability
properties of PS/IMWNT nanocompaosites. Since the sizes of
the two MWNTSs are quite different, it is interesting to explore
the significant effects of the aspect ratio. We estimate the dif
ference in the total number of MWNTS in PS/MWNT-150 (av
erage length of 11 pm and average outer diameter of 97 nm)
and PS/MWNT-49 (average length of 347 nm and average di
ameter of 7.1 nm) at the same mass concentration of MWNT,
With the assumptions that the outer diameter is much larger
than the inner diameter of both twbes and that both the densi
ties of the two MWNTs are the same, the total number of
MWNT-49 is roughly 6000 times more than that of MWNT
150 in the same volume of PS/MWNT. Furthermore, the total
outer surface area of MWNT-49 in PS/MWNT-49 is about 14
times greater than that of MWNT-150 in PS/MWNT-150.
However, the results show that the effects of aspect ratio of
MWNT are more dominant than the total number of nanotubes

31

or their total surface area. Then, if two MWNT types having
the same outer diameter but different aspect ratios (different
lengths of tube) were used. it is possible that the effects of
aspect ratio on flammability properties might be larger than
those observed in this study.

The importance of aspect ratio of nanoparticles on the for
mation of the network-structured layer and flammability prop
erties was also demonstrated in our previous study with plate
shaped nanoparticles of clay [25]. In that study three different
types of clays were used in polypropylene/polypropylene-g
maleic anhydrate (PP/PP-g-MA): synthetic mica (aspect ratio
of about 1200 [37]), montmorillonite (MMT) (about 200
[37]) and synthetic hectorite (about 50 [37]). The sample was
allem = 10 cm = 0.3 cm thick plate and it was tested in nitro
gen at 50 KW/m®. The lowest mass loss rate was ohserved for
the sample with synthetic mica, which generated a significantly
lowver mass loss rate than with MMT and synthetic hectorite, as
shown in Fig. 13, The figure shows pictures of the residues of
the four samples collected after the tests. The surface of the res
idue of the sample with synthetic mica is relatively smooth
without any large cracks. However, the two samples with the
other two clays show large cracks (in particular, with synthetic
hectorite). Melting and vigorous bubbling were observed in the
cracks during the test. It has demonstrated that the addition of
carbon nanotubes or clay having a large aspect ratio into
polymers tends to generate residues having a smooth surface
without any openings/cracks and to reduce significantly the
flammability properties of the polymers.

In Fig. 6. the storage modulus of PS/MWNT-49 (4%) is
seen to be nearly independent of frequency at low frequencies.
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Fig. 13. Effects of clay type on mass loss rate of FP (92 3%)/PP-g-MA (7.7%)
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50k Wim®.

which indicates the formation of network structure and such
nanocompaosite samples having a relatively high complex vis-
cosity formed a protective heat shield layer covering the sample
surface without any cracks [10,12.15]. However. it appears that
the residue of PS/MWNT-49 (4%) collected after the gasifica-
tion test in nitrogen at 50 kW/m? is made of a collection of nu-
merous discrete agglomerates, as shown in Fig. 10). Vigorous
bubbling was observed around the agglomerates during the
test and the mass loss rate of this sample is not as low as that
of PS/MWNT-150 (2%) which did form a smooth. network

structured protective layer. as shown in Fig. 10d. In our previous
study, the formation of the network-structured protective layer
was ohserved with poly(methyl methacrylate ¥single-walled
carbon panotube (PMMA/SWNT) nanocomposite at a mass
concentration of 0.5% [15]. The aspect ratio of the bundled
SWNT was about 45 hased on the average diameter of about
7 nm and average length of 310 nm. Since these SWNT bundles
and MWNT-49 are about the same size, the size of MWNT-49 is
not the reason why PS/MWNT49 does not form the protective
layer. If the dispersion of MWNT49 in PSMWNT-49 (49%) is
much worse than that of MWNT- 150 in PS/MWNT- 150 (this
does not appear in Fig. 4), the storage modulus of PS/MWNT

49 (4% ) should not be so high as shown in Fig. 6. At present,
it is not clear why a fully effective protective layer was not
formed for PS/IMWNT 49,

5. Conclusions
The effects of the aspect matio of MWNT on viscoelastic

properties and flammability properties of PS/MWNT nano-
composites were studied with two different MWNTs in the
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mass concentration from 0.1% w 4%, The samples were pre

pared using twin-screw extruders, The average aspect ratios of
the two MWNTs, 49 and 150, were determined by analyzing
the images of the tubes extracted from the compounded nano-
composites, which were taken by SEM and TEM. No signifi

cant effects of aspect ratio on thermal stability of PS/MWNT
nanocomposites were observed. However, storage modulus
and complex viscosity of PSAMWNT-150 are larger than those
of PS/MWNT-49 at the same mass concentration of MWNT.
PSMWNT-150 samples with 2% and 4% mass concentration
of MWNT-150 form solid-like network structures but only PS/
MWINT-49 (4% forms this structure. The mass loss rate of PS
is more reduced with PS/MWNT-150 and the lowest mass loss
rate is observed with PS/MWNT-150 (2%). Slightly higher
mass loss rate of PS/MWNT-150 (4%) is probably due to an
imcrease in thermal conductivity. With increasing concentra
tion of MWNT-150, the residue of PS/MWNT-150 changes
from the formation of discrete islands to a smooth surface
layer without any openings, which is generated at concentra-
tions of 2% and 4%. All PS/MWNT49 samples used in this
study did not generate such residues. These results show that
the addition of MWNT with large aspect ratios significantly
reduces the flammability of polymers.
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Chapter 10
New fire retardant nanocomposites’
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
properties"™""". 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 properties”""""""" and also
an improvement in thermal stability™ by the addition of nanoscale silica particles to
polymer were reported. This latter improvement was attributed to the formation of tightly

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

packed particles to various polymers significantly reduced heat bound and loosely bond
polymer chains around the 1200 | ‘
particles™. It was also reported VAN

that the addition of mesoscale 3 3

silica to various polymers 1000
significantly reduced the heat
release rate of the
polymers™™" . Flammability
properties of poly(methyl
methacrylate) (PMMA)/nano
silica nanocomposites™"*"*"!
and polyimide/nano silica
nanocomposites®" have been
reported. Samples have been
prepared by solvent
blending™*’, melt blending
utilizing single screw
extrusion™', or in situ 0"
polymerization™ in order to 0 100 200 300 400 500 600
obtain well-dispersed Time (s)

nanosilica particles in the
sample. The dispersion of the
particles in the polymer is

—— PMMA(87%)+Nanosilica(13%)

=— — PMMA(87%)+Nanosilica(13%)

800

600

Heat Release Rate (kW/m®s)

wo i DI

200

Figure 2. The effects of the addition of nanosilica
on heat release rate of PMMA at 50 kW/m?.
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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 1* 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 particles™, as shown in
Figure 2 and little to no improvement was reported in a limiting oxygen index (LOI)
measurement¥ 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 rating*"".
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 Figure 3. The residue of the
flux of 40 KW/m? reported the formation of ~ PMMA/Nanosilica nanocomposite
many small bubbles followed by the after the gaszlflcatlon test in nitrogen
formation of many rigid white islands*’. at 40 kw/m* [15].
700 : : : Vigorous bursting of small
{(b} — eama ’ bubbles was observed
i

600 W —c— wiith 15% TiD nang == around the islands. The

1 )!J' —s— with 15% Ti0, miaro islands appeared to be
%087 / made of coarse, granular
B . particle clumps. Since the

"“‘\-.l’ sample surface was only
; ._hm%.}""'u partly covered by these

h:""\ loose granular
particles/clumps, part of

200 ‘D*st

100 ” \ h: the sample surface was still
] J L \ “’%.h\ exposed to the external

0 +a--u &

e heat between the coarse
: : : : : : : particles and barrier
0 10e 200 300 4D0 500 800 700 performance of the layer to
Time (s) slow the evolution of the
degradation products of
PMMA was not effective.

HRR (kW .m?)
]
]

Figure 4. Effect of the particle size on heat release rate
for PMMA/TIO, at 35 kW/m? [19].
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A similar behavior was observed with polycarbonate containing 15 nm coated silica
particles™"". 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 600 . — PMMA
properties of ] fr —e—with 5% Ti04
nanocomposites o %ﬂﬁ }Q —e—with 10% TiD,
consisting of nanoscale ol o with 15% T,
titanium oxide (TiO,,a o i it 20% TIO,

median diameter of 21
nm) and iron oxide ]
(Fe203, a median diameter 200
of 23 nm) in PMMA were ] J
measured®™. The 100 : ‘

nanocomposites were kb\l }\‘ %H

prepared by melt

HRR (kKW m?
—

[=]

blending. A morphology D 100 200 300 400 500 600 700 800
StUdy of the Time (5)

nanocomposites showed ] ) ) )

that the particles were Figure 5. Effect of TiO, nanoparticle concentration
well distributed in the on heat release rate of PMMA at 35 kW/m? [19].

sample,but with some
: _ _ _ tendency to aggregate since

] s 5 no surface treatment was
600 a— with 10% OMMT done on the oxides. The
- ﬂi o With 5% OMMT and 5% TiO, effect of particle size was
500 % WERST CMMT and S Feg0s studied by comparing heat
a release rate of the
= | \ nanocomposite with the
% 500 nanoscale TiO> particles to
= ] { N that of the microcomposite
T 200 O with micrometer scale TiO;
n I vﬂ"bw (0.2 um); the comparison is
100 shown in Fig. 4. The peak
0 M«UJ L Fe ™o | heat release rate of the
, , nanocomposite was about
0 100 200 300 400 500 60D 70O 10 % lower than that of the
Time (s) microcomposite. A similar
Figure 6. Comparison of heat release rates of the result was also observed for
nanocomposites with OMMT, OMMT-TiO,, and PMMA/Fe;0; samples. An
OMMT-Fe,0; at 35 kW/m? [19]. increase in nanoparticle TiO,
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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) TiO, 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

. Unreactive organic (R) One or more reactive
nanostructured chemical groups for solubilization groups for grafting or
feedstocks based on and compatibilization. s @ @ —gum  PoOlymerization.

XX, XX1, XXii O
POSS™ ™. POSS o i
based hybrid g g O\
. L R 7

nanocomposnes have " \ X /
received increasing \ f;skl_r/;gi\\
attention because of the Nanoscopic size 3{; /’:c"i’(l:(/'j/ Thermally and chemically

. . . Si-Si distance = 0.5 nm e o) ‘\ robust hybrid
unique three-dimensional RRdistance =1 5nm. R R /= (organic-inorganic)
structure of the POSS | . J framework.

XXiii

macromonomer , as Precise three-dimensional structure for
shown in Flgure 7. POSS molecular level reinforcement of polymer

segments and coils.

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 (SigO12)
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

Figure 7. General structure of POSS [23].

HO\ oH and chemical interactions of
o ?-\—O—T-\R reinforcement with polymers.
\ o0 N - - Early examples were presented
M’{‘M’*O\ g R Silsesquioxane y ples Were p
j',s,io S"r —R B Mq oh (1:1 with siloxanes™"**" followed by
| | =Me, Ph (D) hymerous applications showing
g Si/ enhancement of thermal stability
4 b R R P and improving flammability
O\sr O sie N O properties of polymers.
N o/ o/ o/ \OH \
R
Ho/S ~ /S'\ 0/5'\\ oH POSS macromers

generally sublime at high
temperatures provided that they

Figure 8. The structure of the POSS. 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
polymers™"' or with subsequent cross-linking reactions which incorporates the remaining

. . composition into SiOxCy
—o— PTME-PA/Silsesquioxane 90/1

— e PTME-PA/PCS 80/20 network_(re5|due) in
—— PTME-PA pure POSS-Siloxane

copolymer™™". Thermal
gravimetric analysis of
these nanocomposites
shows that the initial
decomposition
] temperatures and residue
. (ceramic and/or char)
' yield increased with
increasing POSS
cqncentrati0n24'XX""XXV""
™ “In terms of the initial
decomposition

. 3 1 temperature and residue
0 ettt yield the thermal stability
0 200 400 600 800 1000 of the nanocomposites

2,000

=
3
=]
=]
T

1,000

Heat Release Rate (kw/m °)

500

Time (sec) was significantly
Figure 9. Heat release rate curves of PTME-PA with gnhance_d with increasing
siloxane and the POSS at 35 kW/m? [30]. norganic 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 study™ 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/m?.
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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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 fabric®™', 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 flame®. The formation of a hard uniform barrier
over a polycarbonate surface was also reported with the polycarbonate/coated POSS
nanocomposites'®. 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/m? [30].

Residue | Mean Mass Peak Mean He SEA Mean

Sample Yield | LossRate | HRR (A %) | HRR(A%) | MJkg m2/kg CO yield
% ofs m? W/m? KW/m? kalkg
PP 0 25.4 1,466 741 34.7 650 0.03
PP/POSS 80/20 17(16) | 191 892 (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
117", 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
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200 ——PL

—— P ROSES M52
150 —— P POSS FQ2

—— PU 30B2

RHR (KW/m™)

n] a0 100 150 200

Time (5}

Figure 10. Heat release
rate curves of PU-
nanocomposites on PET
knitted fabrics at 35

250

kW/m?, incorporation of
the nanoadditives in
second stage during
sample preparation [31].

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

200 Virgin PP

RHR (kW/m2)
[E=Y
8

Figure 11. Heat Release rate curves of PP and
PP/POSS-FQ knitted fabrics at 35 kW/m? [32]

oxidatively stable, uniformly covered nonpermeable surface char layer

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

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 Calorimeter™". 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.
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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 sheets™". 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.

CHy
E
H4C({HClyy —N——CHy By
CHy LHy
Myristyltrimethy ammonium bromide H / \ Ha o
H,C —=C : M CHy (]
CH, |
C.x
| G} Hz 16
Hy Iyl C \ / C{J;]
| 4-Vinylbenzylammonium chloride
HT
DMHTB

Figure 12. Structures of the surfactants .

Motivated by the above study, Uhl and Wilkie studied the thermal stability and
flammability properties of polystyrene(PS)/graphite nanocomposites™*""***"!",
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
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Figure 13. Heat release rate curves for in situ polymerized PS/GO nanocomposites
at 35 kW/m? ref.[37].

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 composites™*" and poly(vinyl alcohol)/graphite oxide
nanocomposites™ ™. 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 content”.
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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 resistance™"

. 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) o
nanocomposites"™ 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
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Figure 14. Heat release rate curves of St-BA and St-

BA/GO nanocomposites
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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).
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Figure 15. Total heat released for St-BA and St-BA
nanocomposites at 50 kW/m? [ref.xlii].
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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
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combustibles™ 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*", 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/mK*"'), 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 discharge*" laser ablation"™, thermal and plasma enhanced chemical vapor-growth
deposition™™" and flame synthesis". 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 acids", wet-air oxidation"" or high temperature treatment"”. Detailed studies
of the effects of cleaning on the characteristics of carbon nanotubes have been reported
over the last several years":V:ViMiLlix - 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 SWNTSs is shown in Fig. 16, Generally SWNTSs 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 R
polymer/SWNT nanocomposites such o \*
as electric conductivity™""" and . :
mechanical strength™"*"® There are
also several papers reporting on the
thermal stability of
nanocomposites®? XXVt bt as far as
this author is aware only two papers
reporting on the flammability of
polymer/SWNT nanocomposites
Significantly enhanced thermal
stability in air was reported for the
PMMA/SWNT nanocomposites™".
However, a decrease in thermal
stability in nitrogen was reported for
epoxy-fluorinated SWNT
nanocomposites compared to the

60, Ixviii

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
nanocomposites®”
% compared to the
pristine PMMA.

SWNTs
for the
flammability
study of
PMMA/SWNT
nanocomposites
were synthesized
by the high- @ (b)
pressure carbon Figure 17. Optical microscopy images of PMMA/SWNT(0.5%)
monoxide method  \yith two different dispersion of nanotubes, (a) ‘good dispersion’

: xlix
(HiPCo)™ and and (b) ‘poor dispersion” with numerous agglomerates [60].
1400 the coagulation method was
PMMA used to produce the
" T PMMA/SWNT
FAMASWNTOS0%. /- nanocomposites® in order to
or Dispersion) control the dispersion of the
1000 SWNTSs in the nanocomposites.
/ In the coagulation method,

500 - dimethylformamide (DMF)
/ was chosen to dissolve the
600 ] POVMASWNT0.5%, PMMA and to permit
S Good Dispersion) | dispersion of the SWNT by
400

¥ bath sonication. The nanotube
\ dispersion in the
\, nanocomposites was controlled
. ; by changing the nanotube
| B A\ concentration in DMF. The
' 0 N\ effects of the nanotube
0 50 o 10 20 20 spe dispersioniin the
nanocomposites on the

Time ) 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

Heat Belease Rate {l-:“-"_-"mz}

__—‘-.""'"l;:

200

Fig. 18. Effect of SWNT dispersion on heat release
rate of PMMA/SWNT(0.5%) nanocomposites at
external radiant flux of 50 kW/m? [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

(@)

(b)

Fig. 19. Selected video images of PMMA/SWNT(0.5%)
during gasification tests at 50 kW/m? in nitrogen; (a) with
good nanotube dispersion and (b) with poor nanotube

dispersion. [60].

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/m?.

1400

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/m?;
the results are
shown in Fig. 18.
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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/m? 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

e e
- 2

f,

(a) (b)
Fig. 21. Pictures of the residues of PMMA/SWNT after the gasification tests in

a nitrogen atmosphere at 50 kW/m?; (a) PMMA, (b) PMMA/SWNT(0.2%),
(c) PMMA/SWNT(0.5%), and (d) PMMA/SWNT (1%).

(d)

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 P
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 100 0m |
0.5 % SWNT (about 60 % reduction) is much o

larger than that with clay (about 28 %  Fig. 22. SEM image of the residue of

reduction) even at 3 % loading ™. The PMMA/SWNT(1%) collected after
behavior of the nanocomposite sample with  gasification test in nitrogen.
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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 %, another recent
study shows no FR effectiveness for PE/SWNT samples with the SWNT concentration of
5 % and 10 % ' 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

Fig. 23. TEM images of MWNT; left - scale bar 5 nm and right — scale bar 140 nm.

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
COndUCtiVityIXX'IXXI'IXX"'IXXIH ’ mechanical pr0pertiESIXXIV’IXXV'IXXVI’IXXV" of polymers by
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polymer/MWNT nanocomposite and papers on the flammability of polymer/MWNT
nanocompositesV!xixbocchood bt bl ¢ \wag also reported that the oxidation of PS, PP,
poly(vinylidene fluoride) (PFV) is retarded by the addition of carbon nanotubes™*".

PP/MWNT nanocomposite samples with MWNT loading of 1 %, 2 %, and 4 %
by mass were melt blended in a shear mixer. The MWNTSs were prepared by CVD using
xylene as a carbon source and ferrocene as a catalyst at about 675 °C™*" 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

chn. ¥ 2 A hee, R N " i’“
™ “ 2 & ¥ ¢ 3 » y

(a) (b)
Fig. 24. (a) SEM picture of PP/MWNT (4%) after solvent removal of PP, (b) optical

IXxx

microscopy image of PP/MWNT(1%) nanocomposite in the melt™.

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

g encapsulated at various
o] locations inside the nanotubes,
and also at the nanotube tips, as
.4 shown in Fig. 24(a).
| Nanoparticulate iron is
: pyrophoric, and could reduce
! the thermal oxidative stability
i of MWNT, as well as possibly
#ﬁv?-"r-iT'l?-J acting as a catalyst during the
k"
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Fig. 25. Effects of concentration of MWNT in PP
on heat release rate of PP/MWNT nanocomposites
at 50 kwW/m?.
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iron particles removed by high temperature annealing ) 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
combustion™ (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 MWNTSs 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 MWNTSs; 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
Fig.26. Sample behavior in the gasification test at to about 0.5 % by mass of SWNT.
50 kW/m? in nitrogen, (a) PP, and (b) The increase in peak heat release
PP/MWNT(1%). rate with concentration of MWNT

above 1 %
appears to be due
to an increase in
thermal
conductivity  of
the
nanocomposite™.

The Fig. 27. The cross section of the residue of the PP/MWNT (1%).
physical behavior
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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 - g
bursting of numerous small 5
bubbles at the sample surface.

No char was left at the end of e -----------------

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

T prreessnneee
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Mass Loss Rate (g/m’s)

observed in any residue of the
PP/MWNT  nanocomposites.
The network-structured layer of 0

I PPI(’%EI(NTEQ)U %J

collected. No cracks were 10 """""""""

the PP/MWNT samples 0 200
covered the entire sample
surface and extended to the
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bottom of the residue as shown  Fig. 28. The effects of addition of carbon black
in Fig. 27. The residue on mass loss rate of PP at 50 kW/m? in nitrogen.

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
PAG6/MWNT  nanocomposites prepared from a
commercially available master batch sample™*.

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
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Fig. 29. The residue of
PP/CB(N299)(1%) after
gasification test at
50kW/m? in nitrogen.



PP/MWNT nanocomposites. The surface area of the carbon black designated as N299
was 102 m?/g and that designated as N762 was 27.3 m?/g. The mass loss rate curves of
the PP/CB measured at 50 kW/m? 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 rate™™), 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.

Sample  MWNT(purified) MWNT(crude) Organo-clay Ignition PHRR
(% by mass) (% by mass) (% by mass) time (s) (KW/m?)
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

Table 2. Properties of samples with MWNT at 35 kW/m?, ref. [79].

29. These results
indicate that the flame
retardant effectiveness
of the PR/MWNT (and 500
also PMMA/SWNT)
nanocomposites is
mainly due to extended
shape of the carbon
nanotubes.
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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/m?. ref. [79]
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nanocomposites prepared by melt blending. The MWNTSs were prepared by catalytic
decomposition of acetylene with cobalt and iron as catalysts supported on alumina. The
synthesized MWNTSs were directly

used as a crude sample and purified MWNTSs 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 MWNTSs 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

Fig. 31. TEM images of CNF at two different magnifications.

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 phase™**",

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
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are shown in Fig. 31. Many

polymer nanocomposites 1400 I . I
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SWNT and MWNT Fig. 32. Mass loss rate curves of PMMA/CNF

Fc:gg%lg){ev\\/lglhoi Qtllg\]lrllze':han nanocomposites at 50 kW/m? in a nitrogen

SWNT or MWNT. Our recent results of PMMA/CNF nanocomposites and PP/CNF are
discussed in this chapter.

Heat Release Rate (kW/m’)
i
!
-

400

The PMMAJ/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

PR e

Fig. 33. Pictures of the residues after the gasification tests at 50 kW/m? in nitrogen:
(@) 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/m?. 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%)

(@) (b)
Fig. 34. Optical microscopy images; (a) PMMA/PR-24(2%), (b) PMMA/PR-1(2%).

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 nanofibers"™. 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-
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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.

40
Another example for | | | | |
the excellent flame retardant 35 [ e , rrrrrrrrr e e e —
performance by PR-1 could be
seen with PP. A PP/PR-1(4%) 30 o e e e .
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their bursting at the surface.
The size of the residue

collected at the end of the test Fig. 35 Comparison of mass loss rate curves for

whas nga_rlylthe sarlne _??] that of PP, PP/MWNTSs, and PP/PR-1 nanocomposites at
the original sample. The 50 kW/m? in nitrogen.

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.

Time (s)

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 rate*". 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™" 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
! 1 1 1 1 1 radiation from an
S I ) AP LV — I | i | 08 electrically heated

: : ; : 1 element at a temperature
of about 750 °C. It is
expected that the
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the visible to the far
infrared but peaking at
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there might be significant
ey difference in absorption
. | o 3 . characteristics of the
4000 3500 3000 2500 2000 1500 1000 500 external ~ emission by
PP/MWNT as compared
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Figure 36. Comparison of transmission spectra between transmission spectra of
PP and PP/MWNT (1%) through 200 um thick film. the PP sample was
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compared with that of the PPP/MWNT(1 %) nanocomposite; see Figure 36", 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/m? 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/m? flux is absorbed very near the sample surface, within a distance of 200 um.
Therefore, a narrow layer in the vicinity of the PPPMWNT 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 base*".) 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 test™". 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 dlspersmn ona um scale (for example in the order of 100

F ; ST g UM by 100 um) 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
Fig. 37. A confocal microscopy image of PA6/Clay(2%). The as an example. This

image dimension is about 100 um by 100 um with the thickness  jmage was

of 30 um. constructed from
the 300 images

taken from the surface of a 200 um thick sheet looking inside the sample in 0.1 um 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,
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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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