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Previous work has shown that the formation of a network structure of nanoparticles within a polymer
matrix can significantly reduce nanocomposite flammability and that viscoelastic properties could be
utilized to predict their flammability reduction. The present work extends this type of investigation to
the study of clay and carbon nanotube nanocomposites. In particular, we study PS/clay, PS/MWNT,
PMMA/clay, and PMMA/SWNT nanocomposites. At a clay level of about 10% by mass, the network
structure is formed for the PS and the PMMA clay nanocomposites; it requires a level of about 0.5% with

ﬁi{l nggﬁ;osites the SWNT and 2% with the MWNT. These samples showed significantly reduced mass loss rates of PS and
Rheology PMMA. However, the solid residues collected from radiative gasification tests of PS/clay and PMMA/clay

showed many small cracks, despite the network formation within the initial sample. This is in contrast to
the smooth, continuous residues (no cracks or openings) for PS/MWNT and PMMA/SWNT nano-
composites. The cracks in the clay samples are probably formed due to weaker network at elevated
temperatures due to weaker bridging interaction between clay platelets as compared to stronger

Flammability

network resulting from dense entanglement and bridging of carbon nanotubes.

Published by Elsevier Ltd.

1. Introduction

The use of nanoparticles in polymeric materials to form polymer
nanocomposites has been demonstrated as one of alternative flame
retardant approaches to the use of halogenated flame retardants
[1-4]. A book reviewing this approach with clay particles, carbon
nanotubes, carbon nanofibers, and others was recently published
describing flame retardant mechanisms and many applications [5].

We briefly review the physical nature of polymer burning and
how the nanoparticles alter this process. The burning process of
a polymeric material typically begins with heating to a temperature
at which thermal degradation initiates. The boiling temperatures of
most of the thermal degradation products of polymers are much
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lower than the thermal degradation temperatures of thermoplas-
tics, and the degradation products are then superheated and
nucleated to form bubbles [6]. These bubbles are formed at and
below the heated surface, where thermal degradation occurs, and
they grow with the supply of more degradation products by
diffusion from the surrounding molten plastic [7]. The bubbles
burst at the heated surface evolving their contents into the gas
phase as fuel vapor. One flame retardant approach is to suppress
the bubbling rate, so as to reduce the supply rate of fuel by forming
a protective and heat shielding char layer. A similar approach, that
of forming a solid jammed network structure consisting of carbon
nanotubes with tangled polymer chains has been demonstrated;
this inhibits the otherwise vigorous bubbling process seen in the
course of thermal degradation during combustion [8]. This
previous study showed a close relationship between viscoelastic
characteristics and the flammability properties of thermoplastic-
based polymer nanocomposites. In separate work, it has also been
reported that the flammability of polymer-clay nanocomposites is
reduced with an increase in melt viscosity and the formation of
network [9,10].
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In this study, we examine whether such a relationship can be
generalized to polymer nanocomposites based on two different
polymer matrices, and clay particles and carbon nanotubes. If such
a close relationship between the two properties is demonstrated,
the measurement of viscoelastic characteristics could be used as
a screening test for flammability before preparing a large quantity
of materials. Furthermore, since viscoelastic and flammability
properties of polymer nanocomposites depend strongly on the
dispersion metrics of nanoparticles in the composites [11-14], such
a screening test would be ideal to assure the achievement of
intended physical and flammability performance.

2. Experimental section
2.1. Materials

The matrix polymers used in this study were polystyrene, PS
(Styron 666D, Dow Chemical, mass-average molecular mass, M,y of
240,000 g/mol with a polydispersity of 2.29) and poly(methyl
methacrylate), PMMA (Polysciences, My, 100,000 g/mol). Organo-
modified montmorillonite clays with dimethyl, dehydrogenated
tallow, quaternary ammonium, Cloisite 15A, and with methyl,
tallow, bis-2-hydroxyethyl, quaternary ammonium, Cloisite 30B,
were kindly provided by Southern Clay Products Inc. and were used
as the clay particles. Single-walled carbon nanotubes, SWNTs, were
kindly provided by Carbon Nanotechnologies Inc. and Foster Miller
Co. Multi-walled carbon nanotubes, MWNTs, were made using
xylene as a carbon source and ferrocene as a catalyst at about
675°C by a chemical vapor deposition, CVD, method at the
University of Kentucky [15].

2.2. Composites preparation

The sample preparation of polymer nanocomposites affects
their morphology. Therefore, melt blending using a twin-screw
extruder for PMMA/Cloisite 30B and PS/MWNT and solvent
blending for PMMA/SWNT and PS/Cloisite 15A were used to
exclude the effects of sample preparation as much as possible.

PS/Cloisite  15A nanocomposites were prepared by solvent
casting method. A dispersion of 1% Cloiste 15A in chloroform was
prepared by sonication for 5 min, followed by stirring for 2 h. A
solution of 10 mass% PS in chloroform and the Cloisite 15A
dispersion were combined, and the mixture was stirred for 24 h.
Thereafter, the mixture was cast into an aluminum foil pan and the
chloroform evaporated in a hood overnight. The nanocomposite
was then further dried and annealed at 160 °C in a vacuum oven for
48 h. PS/MWNT composites were melt blended in a Haake PolyLab
shear mixer at the University of Kentucky. The mixture temperature
was set at 180 °C and the PS pellets were added to the mixer
running at a speed of 20 rpm. The pellets melted in about 3 min,
and the MWNTs were then added and mixing was then continued
for 40 min.

PMMA/Cloisite 30B nanocomposites were prepared by melt
blending in a B & P Process Equipment and Systems twin-screw
extruder (co-rotating, intermeshing, L:D equals 25:1) at NIST.
Operating conditions were 250 rpm screw speed and 190 °C in all
zones with a feed rate of 2 kg/h. The coagulation method was used
to produce the PMMA/SWNT nanocomposites [16]. In the coagu-
lation method, dimethyl formamide (DMF) was chosen to dissolve
the PMMA and to permit dispersion of the SWNTs by bath soni-
cation for 24 h. Atomic force microscopy (AFM) results show that

! Certain commercial equipments, instruments, materials, services or companies
are identified in this paper in order to specify adequately the experimental
procedure. This is no way implies endorsement or recommendation by NIST.

the average nanotube bundle diameter is about ~7 nm at the
concentration of 0.2 mg of SWNT per milliliter of DMF. The content
of the SWNT in the nanocomposites varied from 0.2% to 1% by
mass.

All samples for measuring flammability properties (discs of
75 mm diameter and 4 mm thickness) were compression molded
in the range of 190-210 °C under a pressure of about 1.4 MPa for
a duration of 15 min.

2.3. Sample characterization

The morphologies of the nanoparticles in the composite
samples were evaluated using a laser confocal microscope (Model
LSM510, Carl Zeiss Inc.) to image the nanoparticles in the poly-
mer matrix. The confocal microscope utilizes coherent laser 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
(A=633 nm) was used as the coherent light and images were
taken at 100x magnification with an Epiplan-Neofluar 100x/1.30
oil-pool objective. An LP385 (Rapp Opto Electronic) filter was
used to limit the lower spectra of reflected light. Two-dimen-
sional images with 512 pixels x 512 pixels were taken with scan
size 92.1 x 92.1 um.

The X-ray diffraction data were collected with Philips XRG 3100
equipped with a Cu Ka radiation (A= 0.154 nm) operated at 40 kV
and 35 mA with a 0.04° 26 step size and a 3 s count time per step.
Rheology measurements were performed on a Rheometric Solid
Analyzer (RSAII) in oscillatory shear with a sandwich fixture.
Samples 12.5 mm x 16 mm x 0.5 mm were run at 200°C with
a strain of 0.5% for frequency sweep and at a frequency of 1 rad/s
from 160 °C to 240°C for temperature sweep, all in nitrogen.
Thermogravimetric analysis (TGA) was conducted using a TA
Instruments TGA Q500 at 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.

Scanning electron microscopy, SEM, was conducted with SEM
(LEO-1550) with Schottky Field-Emission Gun. A few micrograms of
the residues corrected after the radiant gasification test described
below were mounted on a specimen holder and then a few
micrometers of gold were coated on the surface of the residues in
order to make the specimens conductive.

2.4. Flammability property measurement

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 mass loss rate and
temperatures of a sample exposed to 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 0.61 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 kW/m?. There are three unique features of this
device: (1) observation and results obtained from it are only based
on the condensed phase processes due to the absence of any gas
phase oxidation reactions and processes; (2) it enables visual
observations of gasification behavior of a sample using a video
camera 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 sample
surface) due to the absence of heat feedback from a flame. A more
detailed discussion of the apparatus is given in a previous study
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[17]; the standard relative uncertainty of the measured mass loss
rate is +10%.

3. Results
3.1. Sample morphology

The distribution of the nanoparticles in the four different
samples was examined by laser confocal microscopy to globally
observe the dispersion of the nanoparticles on a micrometer scale.
The resulting images are shown in Fig. 1. Fig. 1a indicates that SWNT
bundles are relatively uniformly distributed within the PMMA
matrix. The average size of SWNT bundles was about 7 nm in
diameter and 310 nm in length [18]. The image of PS/MWNT (1% by
mass), Fig. 1b, shows entanglement of individual MWNTs
throughout the PS matrix and good dispersion of the tubes on
a micrometer scale. The average diameter and length of the MWNT
in PS were 75 nm and 11.3 um, respectively [19]. The images of
PMMA/Cloisite 30B (10%), Fig. 1c, and PS/Cloisite 15A (10%), (d),
show some small aggregates of clay particles but the overall
dispersion of the clay particles appears to be reasonably good on
this scale. It is important to examine that both PMMA/Cloisite 30B
and PS/Cloisite 15A samples are nanocomposites on a nanometer
scale and not microcomposites. X-ray diffraction measurements
were conducted for these samples and the results are shown in
Fig. 2. For PMMA/Cloisite 30B samples, the d spacing for the
composites, about 32-33 A, is much larger than that for Cloisite
30B, which is about 18.5 A. This indicates that PMMA chains are in
the galleries and it is considered that the PMMA/Cloisite 30B
samples are intercalated. Since the d spacing of Cloisite 15A is about
31 A, quite large compared to that of Cloisite 30B, it is still
considered that the PS/Cloisite 15A samples are intercalated despite
of only about 2 A extension of d spacing from Cloisite 15A.

3.2. Thermal stability

Thermal gravimetric analysis was conducted in nitrogen and
results are shown in Fig. 3. Although previous studies did not
conclusively exclude the effects of oxygen in surrounding air on
thermal degradation of polymeric materials during burning of the
polymers, oxidation reactions of the polymers appear to be insig-
nificant (oxygen is mainly consumed by gas phase reactions - i.e., the
flame). An exception is the case in which the flame does not cover the
entire burning surface or the burning/pyrolysis rate is extremely low
[20,21]. The addition of MWNTSs to PS does not affect the thermal
stability of PS. However, the addition of a small amount of Cloisite 15A
(2% by mass) slightly increases the thermal stability of PS but further
increase in the concentration of Cloisite 15A gradually reduces the
increase in the thermal stability of PS. This could be due to the lower
thermal stability of the organic treatment, dimethyl di-dehydro-
genated tallow (starts to degrade at about 210 °C and loses about 35%
of the original mass at 500 °C), on the clay surface of Cloisite 15A
compared to thermal stability of PS. The addition of a small amount of
SWNT to PMMA slightly reduces the thermal stability of PMMA
below about 340 °C but slightly increases the thermal stability of
PMMA above the temperature. The addition of Cloisite 30B slightly
increases the thermal stability of PMMA (if the initial sample mass,
W, is corrected by subtracting an amount of inorganic component of
clay by assuming as an inert, the normalized sample mass curves shift
toward lower temperature, which means less increase in thermal
stability. This quantitative effect becomes larger with the amount of
an inert in the sample). If the inorganic component of clay and the
carbon nanotubes are assumed to be inert, then the amount of each
residue is close to the amount of initial inert amount of each additive,
these additives do not significantly enhance the amount of char
(at most 2% with the clays). Overall, the addition of the four nano-
particles does not significantly affect the thermal stability of the two
polymer matrixes, except possibly for PS/Cloisite 15A (2%).

Fig. 1. Confocal microscopy images: (a) PMMA/SWNT (0.5%), (b) PS/MWNT (1%), (c) PMMA/Cloisite 30B (10%), and (d) PS/Cloisite 15A (10%). Each bar scale is 20 pm.
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3.3. Viscoelastic properties

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 [22]. The relations
between G’ and frequency are shown in Fig. 4 for the four nano-
composite samples. At 200 °C, PS/Cloisite 15A (2%) and PS/MWNT
(0.5%) composites have nearly the same rheological response as
pure PS showing the typical scaling behavior of G’ ~ w? (where w is
the oscillatory frequency) at low frequencies. This trend is also
observed for PMMA/SWNT (0.1%). Since the PMMA)/Cloisite 30B
samples were prepared by melt compounding using an extruder, the
reduction in G’ of the PMMA/Cloisite 30B and PMMA shown in Fig. 4
is due to a small reduction in molecular weight of PMMA during melt
compounding, and similar reduction in G’ has been observed for
extruded polymer-clay nanocomposites at low clay concentrations
[23,24]. Although the PS/MWNT samples were prepared by melt
compounding at a low screw speed, the reduction in G’ appears to be
much smaller than in the case of the PMMA/Cloisite 30B samples.
For the composites containing higher concentration of the clays and
the carbon nanotubes (about 10% by mass for the both clays, about
2% for MWNT, and about 0.5% for SWNT), the above described liquid-
like, low-frequency scaling of G’ disappeared and G’ becomes nearly
constant at low frequencies. This indicates a transition from a liquid
to an ideal Hookean solid, which accompanies the formation of
a mechanically stable network structure [18,25,26].

The above viscoelastic measurements were conducted at 200 °C.
However, the hottest regions of the samples would be in the
temperature range of 350-400 °C during burning. Evidently, the
persistence of the network structure becomes critical for effective
flame retardancy at higher temperatures. The TGA results shown in
Fig. 3 indicate that some of the composite samples start to degrade
slowly at around 250 °C. For this reason, viscoelastic measurements
were conducted from 160 °C to 240 °C at a frequency of 1 rad/s and
the results are shown in Fig. 5. G’ of PS/Cloisite 15A (10% and 15%) is
nearly constant with temperature change even at 240 °C and much
higher than G’ of PS/MWNT composites (roughly one order higher
than G’ of PS/MWNT (2%)). G’ of PMMA/Cloisite 30B (10% and 15%)
is slightly decreasing with an increase in temperature but they are
much higher than those of PMMA/SWNT composites. This trend
indicates that the network structure in PS/Cloisite 15A and PMMA/
Cloisite 30B at relatively high concentrations of the clays would be
preserved at high temperatures, probably even during burning.
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In our previous study [8], it was demonstrated that the forma-
tion of a network-structured protective layer consisting of carbon
nanotubes during burning is necessary for the improvement in
flammability properties of PMMA. If this applies to plate-shape
nanoparticles such as clay, it is expected that PS/Cloisite 15A (10%
and 15%) and PMMA/Cloisite 30B (10% and 15%) would form such
a layer and their flammability properties would be significantly
improved compared to those of PS and PMMA.

3.4. Flammability properties

The effects of the concentration of Cloisite 15A and MWNT on
mass loss rate of PS are shown in Fig. 6. An increase in the level of
Cloisite 15A significantly reduces the mass loss rate of PS up to 10%
by mass. Above 10%, the reduction in mass loss rate is relatively
small. This trend is also seen for PMMA/Cloisite 30B as shown in
Fig. 7. An increase in the level of MWNT also significantly reduces
the mass loss rate of PS, in particular, above 0.5% of mass. However,
at the concentration of 4% by mass, mass loss rate becomes higher
than that of PS/MWNT (2%) (not included in Fig. 6) due to an
increase in the thermal conductivity of the composite. This trend
was also observed with PP/MWNT composites [27] and PC/MWNT
composites [28]. The mass loss rate results for PMMA/SWNT were
obtained in our previous study [8] with 8 mm thick samples instead
of 4 mm thick samples used in the present study. The effects of the
sample thickness on mass loss rate at 50 kW/m? would be small
when the sample thickness is relatively thick such as 4 mm. The
addition of SWNT significantly reduces the mass loss rate of PMMA.
Furthermore, the mass loss rate of PMMA/SWNT (1%) is slightly
higher than that of PMMA/SWNT (0.5%), similar to the above case of
PS/MWNT.

In Section 3.3, the measured viscoelastic characteristics indicate
the effective formation of a network structure for some of the
composite samples. If our hypothesis is correct, the residues of PS/
Cloisite 15A (10% and 15%), PS/MWNT (2%), PMMA/Cloisite 30B
(10% and 15%), and PMMA/SWNT (0.5% and 1%) collected after the
gasification experiments should all form continuous protective
layers without any significant openings such as cracks. The pictures
of the collected residues after the gasification experiments are
shown in Fig. 8 for PS series samples and in Fig. 9 for PMMA series
samples. As expected, both pristine PS and pristine PMMA did not
leave any significant amount of residue. At a low level of the
nanoparticle loading in the polymer, the residues did not cover the
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Fig. 4. Effects of the nanoparticle type and concentration on the relationship of storage modulus with respect to frequency measured at 200 °C.
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sample container leaving a pattern consisted of many isolated
clumps or islands. An increase in the level of either MWNT or SWNT
led that the residues cover the entire sample container without any
cracks or openings. However, the residues of PS/Cloisite 15A and
PMMA/Cloisite 30B contain cracks and the size of the cracks
became much smaller at 15% by mass of the clays. Since vigorous
bubbling (evolving fuel to the gas phase) was observed through any
opening or cracks, avoiding any such opening or crack is critical to
reduce the mass loss rate (or heat release rate). If they were without
any cracks, PS/Closite 15A (10% and 15%) and PMMA/Cloisite 30B
(10% and 15%), the mass loss rates of the samples could be less than
those shown in Figs. 6 and 7. The integrity of the nanoparticle
network during burning is evidently crucial for effective flame
retardancy; network formation is necessary but not sufficient
condition for effective flammability reduction.

4. Discussion

Although the network structure is formed for PS/Cloisite 15A
(10% and 15%) and PMMA/Cloisite 30B (10% and 15%) samples and
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the measured storage modulus G’ is much higher than those of PS/
MWNT and PMMA/SWNT at elevated temperatures, the images of
the corresponding residues in Fig. 5 show many small cracks
instead of continuous network-structure residues without any
opening and cracks only for the latter samples. These cracks and
openings should be avoided as much as possible to reduce mass
loss rate because degradation products are evolved from the
interior of the sample through cracks/opening by vigorous
bubbling. If there are no cracks for the residues of clay-based
samples, their mass loss rates would be less than those shown in
Figs. 6 and 7. Therefore, it is important to understand why cracks
are formed in the residues of the clay-based samples. Selected
video images of the PS/Closite 15A (10%) during the radiant gasi-
fication experiment are shown in Fig. 10. At 20 s from the start of
the exposure to the external radiation, extremely fine bubbles
cover the entire sample surface. At 41 s, the color of the sample
surface starts to get darker and at 49 s the sample surface becomes
a quite dark color, except near the perimeter of the sample. A
small sample mass loss starts at about 40 s. At 58 s, the dark color
starts to fade with appearance of many cracks. At 70 s, cracks are

40 prrr e
: 3 PS/MWNT |
351 O .
. XX s0kwm?, in N,
=30 h\ ]
M) [ \ o ]
& Tt t 4 0.2% ]
E /i ]
25— I ]
[ F ! 4
s I b q 1
X 20 <A -
o k ]
S sk I} 3
- ]
@ ]
S ]
=

15 R E——— est :
. Ty v Ty
s S
10 s RN \
:|, | . .‘.
A ‘\\ \
SR

0
0 50 100

\
\

150 200 250 300 350 400
Time (s)

o=

Fig. 6. Effects of concentration of Cloisite 15A and MWNT on mass loss rate of PS at an external radiant flux of 50 kW/m? in a nitrogen atmosphere.



4364

40

PMMA/Cloisite 308 |

35 ‘
PMM

30

25

20

15 -

Mass Loss Rate (g/m?3s)

10

: : : \ AN
s AVSERTA ANANETAEN RTEETEN AVRTE I STATRTATE IFSATATE S,

0 50 100 150 200 250 300 350 400
Time (s)

T. Kashiwagi et al. / Polymer 49 (2008) 4358-4368

40
| PMMA/SWNT ]
N,, 50 kW/m? ]
— 30F .
- 30 ]
& . ]
E I g ]
L e e R .
2 r ]
© L i
5 20 .
e 1% ]
-l Y Y ST AT RS s N 2
r 15 A :
« I 0.5%
= ol 1 O e -]
o 1 H Y 4
i T RN ]
; . \
1 [} p
0 A (I O A I WL N

400 600 800 1000

Time (s)

Fig. 7. Effects of concentration of Cloisite 30B and SWNT on mass loss rate of PMMA at an external radiant flux of 50 kW/m? in a nitrogen atmosphere.

established and they get deeper/wider as shown at 110 s. These
images show that cracks are formed at relatively early time and
they became deeper and wider and remain at the same locations
until the end of the test. The cracks go through the residue and
they could be the major path for the evolved degradation products
to the gas phase. These video images clearly show that the cracks
form nearly at the start of mass loss for the sample when the layer
containing the cracks is relatively thin and limited to near the
sample surface.

The formation of a network structure occurs more readily with
higher aspect ratio nanoparticles and with a rod-like particle
compared to a plate-like particle [25,29,30]. The average aspect
ratio of the SWNT in PMMA was about 45 [18] and that of the
MWNT in PS was about 150 [19]. From the SEM images described
below, the average aspect ratio of the clay particles was about 200.
Thus, while the aspect ratio of the clays tends to be slightly larger

PSIMWNT(0.2%)

PSIMWNT(0.5%)

than those of the carbon nanotubes, the network had less integrity
at high temperature burning conditions. It is not clear how the
integrity of network formation as determined in relatively low
temperature (below 250 °C) rheological measurements can be used
to predict network stability under burning conditions (~400 °C).
Again, network formation at relatively low temperatures is
a necessary condition, but it may be insufficient to predict network
integrity at high temperatures.

In order to understand the structure of the residues, SEM
images of the four residues of PS/Cloisite 15A (10%), PS/MWNT
(2%), PMMA/Cloisite 30B (10%), and PMMA/SWNT (0.5%) were
taken and are shown in Fig. 11. Aggregates of numerous clay
platelets are shown in the residue of PS/Cloisite 15A (10%)
compared to entangled MWNTSs in the residue of PS/MWNT (2%).
The magnified images (scale bar of 200 nm) show clay platelets
with voids among the platelets as seen in the residue of

PSIMWNT(2%)

PS/MWNT(1%)

Fig. 8. Pictures of the residues of PS/Cloisite 15A and PS/MWNT collected after the gasification tests.
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PMMA/SWNT(0.2%)

PMMA/SWNT(1 %)

PMMA/SWNT(0.5%)

Fig. 9. Pictures of the residues of PMMA/Cloisite 30B and PMMA/SWNT collected after the gasification tests.

PMMA/Cloisite 30B (10%). In contrast, extremely entangled and
dense network structures involving numerous tubes are seen in
the residue of PMMA/SWNT (0.5%). A qualitative difference
between clay particles and carbon nanotubes in these residues
appears to be a much higher degree of entanglement and bridging
of the tubes (multiple contact with other tubes) compared to that
of clay platelets. Also, it appears that there are more voids (open
spaces between clay platelets) compared to the case with carbon
nanotubes in the residues so that the entanglement density of clay
platelets tends to be less than that with carbon nanotubes. When
a composite sample starts to loose some mass, a thin layer con-
sisting of the clay platelets or the carbon nanotubes is formed after

the polymer resin degrades and its degradation products evolve to
the gas phase. The temperature distribution near the sample
surface is steep at early times. Since the thermal conductivity of
carbon nanotubes is quite high [31,32], the layer consisting of the
tubes might have a more nearly uniform temperature compared to
a possible steep temperature gradient through the layer consisting
of clay platelets. Furthermore, the tubes tend to be highly entan-
gled and bridging so that the physical strength of the layer would
be strong enough to remain intact against numerous minute
bubbles evolving from the interior of the sample. Although the
residue is soft and can be squeezed by hand without fracturing, no
swelling is observed during the radiative gasification test. This

Time=20s

58 s

41s

70s

10s

Fig. 10. Sample behavior of PS/Cloisite 15A (10%) in nitrogen after an exposure to external radiant flux of 50 kW/m?.
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Fig. 11. SEM images of the residues collected after the gasification tests: (a) PS/Cloisite 15A (10%), scale bar of 1 um; (b) PS/MWNT (2%), scale bar of 1 pm; (c) PMMA/Cloisite 30B

(10%), scale bar of 200 nm, and (d) PMMA/SWNT (0.5%), scale bar of 200 nm.

indicates that degradation products evolve through the dense
entangled tube layer, possibly with capillary motion of the lique-
fying polymer resin, without interior pressure building. On the
other hand, the layer consisting of clay platelets tends to have
voids and there is less entangling of platelets so that bubbles
evolving from the interior of the sample enlarge the existing
openings and push away the platelets to form larger openings
throughout the layer. These openings merge and finally form
cracks.

The openings could be formed from thermal degradation of
organic treatments on the clay platelets. The TGA data of Cloisite
15A show about 34% mass loss at 500 °C in nitrogen and Cloisite
30B loses about 26% of mass. The expanding, evolved degradation
products from the clay platelets could further enlarge the
distance between platelets. However, the average distance
between clay platelets in the residues of PMMA/Cloisite 30B
measured by XRD is about 12.5 A (as shown in Fig. 13) and that of
the residues of PS/Cloisite 15A is about the same (data not
shown) which is less than the platelet distance of both initial
nanocomposite samples (32-33 A for PMMA/Cloisite 30B and 31-
33 A for PS/Cloisite 15A as shown in Fig. 2). Therefore, the loss of
the organic treatment on clay platelets does not contribute to the
above described opening. Furthermore, the TGA results of the
SWNT and the MWNT show that the former loses about 10% of its
mass and the latter loses about 1% of its mass at 500 °C in
nitrogen under heating rate of 5°C/min. It appears that these
mass loses do not significantly modify the network of the carbon
nanotubes.

Another possible process to consider is breaking of the thin,
hard and brittle clay-platelets layer under heat stress created by
the steep temperature gradient in the beginning of the test. It is
theoretically predicted that there are more entangling and bridging
among rod-shaped nanoparticles than sheet-shape nanoparticles
[30]. Evidently, having a gel network is not enough to universally
impart flammability reduction, the network must be stable under
burning conditions.

The trend of less effective flame retardancy for clay-based
nanocomposites as compared to carbon nanotube-based nano-
composites at the same nanoparticle mass concentration can be
seen by comparing the relationship between the normalized
storage modulus measured at a low frequency and the normalized
mass loss rate of the two nanocomposites, as shown in Fig. 12. The
lower the normalized peak mass loss rate the better the fire
performance. The figure shows clearly that PS/MWNT has a lower
peak mass loss rate compared with PS/Cloisite 15A at the same
value of the normalized storage modulus except for the samples
that do not form a network structure. The concept of the formation
of the network-structured protective layer with nanoparticles to
improve flammability of polymers applies not only to carbon
nanotubes but also to clay platelets. However, the tubes with their
large aspect ratio, dense entanglement network and strong
bridging interaction form physically stronger network compared to
the less entangled clay platelets. Evidently, the network formed
from clay-based nanocomposites does not appear to be strong
enough to resist bubbles that push through voids among the
platelet clusters and create cracks compromising the protection
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Fig. 13. XRD results of the residues of PMMA/Cloisite 30B collected after the gasifi-
cation tests at 50 kW/m? in nitrogen.

layer. Correspondingly, this explains why the flammability prop-
erties of the clay-based polymer nanocomposites are not as good as
those of carbon nanotube-based nanocomposites at relatively low
particle concentrations.

5. Conclusion

The viscoelastic characteristics of PS/Cloisite 15A and PMMA/
Cloisite 30B nanocomposites show the formation of a network
structure in the range of 10-15% by mass compared to about 2% for

PS/MWNT and 0.5% for PMMA/SWNT nanocomposites. The concept
of the requirement of the formation of the network structure to
achieve a significant improvement in flammability of polymer
nanocomposites applies to the use of both clay and carbon nano-
tubes as a filler. Thus, while viscoelastic characterization of polymer
nanocomposites can be used as a screening method for seeking
effectively flame retarded nanocomposites, the formation and
stability of the network structure also require good spatial disper-
sion of the clay platelets and carbon nanotubes in the nano-
composites. During burning, the effective flame retarded
nanocomposites must exhibit a residue that covers the entire
sample surface without any openings so as to suppress vigorous
bubbling that would otherwise rapidly transports degradation
products from the interior of the sample to the gas phase. This
suppression of bubble transport process is observed with PS/
MWNT and PMMA/SWNT having the network structure. However,
PS/Cloisite 15A and PMMA/Cloisite 30B with the network produce
the residues with many cracks (allowing vigorous bubbling through
the cracks). These cracks are formed at a relatively early period
of the test. The SEM images of the residues show densely entangled
carbon nanotubes compared to less entangled clay platelets with
voids. It is proposed that the physical integrity of the densely
entangled carbon nanotubes layer is strong enough to remain intact
during burning, while the less entangled clay platelets are dis-
rupted by bubbles evolving from the interior of the sample. If
polymer-clay nanocomposites could be made to form more stable
network without forming any cracks during burning (one possible
approach might be reinforcing the network with char using char
forming resins), the flammability properties of the clay-based
polymer nanocomposites could be further improved.
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