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a b s t r a c t

Addition of just 0.0025 mass fraction of highly aligned multiwall carbon nanotubes (MWCNTs) showed
a 45% reduction in the peak mass loss rate (PMLR) during gasification of epoxy/MWCNT composites; this
45% decrease in PMLR at such a low loading (0.0025mass fraction) of MWCNTs, is much better than that
reported previously with either MWCNTs (0.02 mass fraction) or SWCNTs (0.005 mass fraction).
We attribute this effect to the use of highlyalignedMWCNTswhich easily exfoliate, or debundle, using high
shear mixing. In addition, 0.005 mass fraction MWCNTs showed significant reduction in the initial mass
loss rate as compared to other epoxy/MWCNT, epoxy montmorillonite (MMT) and pure epoxy samples.
Reduced PMLR was also observed for epoxy/MMT nanocomposites, but required much higher MMT
content. The epoxy/MWCNTs composites residue/char integrity (no visible cracks on the char surface of
MWCNTs/epoxy samples) appeared to be superior to that for epoxy/MMT samples. The rheological
characterization of the epoxy composites was carried out in order to study the effect of nanoparticle
network formation on the rheological properties and flammability. Significant increase in thermal
conductivity (k) was observed for epoxy/MWCNTs composite with high loadings of MWCNTs. This gasi-
fication mass loss behavior of the nanocomposites was investigated using a model that combines
a continuum description of the transport of thermal energy with Ahrrenius kinetics for the decomposition
of the polymer. The enhanced thermal conductivity for the epoxy/MWCNT composites appears to be
responsible for the initial mass loss reduction.

� 2010 Published by Elsevier Ltd.
1. Introduction

Pioneering work by a number of groups has shown that well
dispersed montmorillonite (MMT) [1] or MWNTs [2,3] in a polymer
matrix can significantly reduce the flammability of a wide range
of polymers. It is proposed that anisotropic nanoparticles, such as
nanoclays and carbon nanotubes, form a protective layer on the
surface of a polymer [2,4,5] during combustion or pyrolysis. This
protective layer shields the underlying polymer from the external
heat flux, and reduces the volatilization rate of fuel gases by
inhibiting bubble escape in the polymer melt.

Wheras a number of detailed studies have elucidated the
important controlling factors in the mechanism of flame retardancy
for both carbon nanotubes [2e10] and MMT [1,11,12], no direct
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comparison of these two nanoadditives based flame retardant
system has been made in the same thermoset resin system exposed
to the same fire-like conditions. Here, a direct comparison of flam-
mability (using nitrogen gasification) of epoxy MWCNT and epoxy/
MMT composites is presented.

The aim of the present work is to study and compare the gasi-
fication of epoxy/MWCNTs and epoxy/MMT composites. Modeling
of the gasification process of epoxy/MWCNTs aswell as epoxy/MMT
composites is conducted in order to understand and compare the
mass loss rate (MLR) curves for both type of composites. Previously,
Kashiwagi et al. [2] showed that network formation of nano-
particles, characterized by a plateau in the shear elastic modulus
(G0) at low oscillation in dynamic rheological testing can signifi-
cantly reduce the composites flammability. Hence, the effect of
network formation of MWCNTs and MMT in epoxy resin is also
studied to determine if rheological characterization can be used
to predict the flammability of thermoset epoxy composites. The
optical microstructure of MWCNTs and MMT suspensions in
uncured epoxy resinwere also studied to attempt to relate the state
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Fig. 1. Highly aligned chemical vapor deposition grown multiwall carbon nanotubes.
The high alignment of MWCNTs allows them to easily exfoliate into individual
MWCNTs dispersion using high shear mixing.
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of dispersion of the particles to the rheological properties. The
optical microstructure ofMWCNTs andMMTsuspension in uncured
epoxy resin is discussed and is related to the rheological properties
of the suspensions. The thermal degradation of epoxy/MMT and
epoxy/MWCNTs composites was studied using TGA, whereas the
flammability was studied using the National Institute of Standards
and Technology (NIST) radiative gasification apparatus. Finally,
a modeling study of the degradation of epoxy/MWCNTs and epoxy/
MMT composites was studied to investigate the role of thermal
conductivity changes, due to addition of nanoparticles, onmass loss
rate (MLR) during gasification of epoxy composites.

2. Experimental and methods section

2.1. Materials and methods2

Bisphenol A based epoxy resin was purchased from Dow chem-
icals (DER 331). Amine based curing agent (Jeffamine D-400) was
kindly provided by Huntsman Chemical Company. Highly aligned
multiwall carbon nanotubes (Fig. 1) were grown from ferrocene/
toluene solution at 760 �C by chemical vapor deposition method
(CVD) at University of Cambridge [13]. Organo-modified montmo-
rillonite (MMT) (Closite 30B) was kindly supplied from Southern
Clay Products.

2.2. Dispersion and preparation of epoxy/MWCNT
and epoxy/MMT composites

MWCNTs were dispersed in bisphenol A based epoxy resin at
25 �C using high shearmixing at 20 rads/s (200 rpm) for 2 h and the
curing agent was mixed with epoxy/MWCNTs suspension. MMT
was mixed with bisphenol A based epoxy resin at 80 �C for 2 h
using high shear mixing at 200 rpm in order to achieve an inter-
calated clay structure after mixing. Epoxy/MWCNT with MWCNTs
concentration 0.0003, 0.0025, 0.005 mass fraction and epoxy/MMT
with MMT concentration of 0.021, 0.065 and 0.135 mass fraction
were prepared. Samples were cured at 60 �C for 2 h and post-cured
at 90 �C for 15 h. Circular disc shape samples (diameter 75 mm,
8 mm thick) of cured epoxy/MWCNTs and epoxy/MMT composites
were prepared to test their flammability.

2.3. Characterization and measurements

The rheological measurements were carried out on the epoxy/
MMT as well as epoxy/MWCNT samples immediately after mixing
the curing agent using a TA instruments AR G2 rheometer (the
variation in all the rheological measurements was less than �5%).
Wide angle X-ray diffraction (XRD) of epoxy/MMT nanocomposites
was studied using Philips electronic instruments XRG 3100 using
Cu Ka1 radiation (l¼ 0.154059 nm) and step size of 0.048�. The
flammability of cured epoxy/MWCNTs and neat epoxy samples was
investigated in the NIST gasification apparatus by measuring the
sample mass loss vs. time and recording the sample behavior using
a video camera (Fig. 2) [14] (the variation in all the gasification
apparatus measurements is less than �10%). An external heat flux
of 50 kW/m2 and nitrogen atmospherewas used for the gasification
2 This work was carried out by the National Institute of Standards and Tech-
nology (NIST), an agency of the US government and by statute is not subject to
copyright in USA. The identification of any commercial product or trade name does
not imply endorsement or recommendation by NIST. The policy of NIST is to use
metric units of measurement in all its publications, and to provide statements of
uncertainty for all original measurements. In this document, however, data from
organizations outside NIST are shown, which may include measurements in non-
metric units or measurements without uncertainty statements.
apparatus. Thermal conductivity of cured epoxy and cured epoxy/
MWCNTs composites was measured using a HotDisk TPS thermal
analyzer with 9.7 mm radius Kapton sensor at 25 �C.

2.4. Modeling

The fire behavior of the nanocomposites was also investigated
by making use of a model, Thermakin, that combines a continuum
description of the transport of thermal energy within the solid
(in a single dimension perpendicular to the sample surface) with
Arrhenius kinetics for the decomposition of the polymer [15,16].
The overall behavior of a pyrolyzing object is described bymass and
energy conservation equations. These equations are formulated in
terms of rectangular finite elements. Each element is characterized
by component masses and temperature. The model includes
a description of the transport of gases through the condensed phase
Fig. 2. Schematic of gasification apparatus.



Table 1
Model input.

Component Density
(kg/m3)

Heat capacity
(J kg�1 K�1)

Thermal conductivity
(WK�1M�1)

Gas transfer
coefficient (m/s)

Absorption
coefficient (m�1)

Emissivity

Epoxy 1140 �1330þ 8.6 T 0.2þ 4.7� 10�4 T 10�5 2.25 0.95
Epoxy Gas 1140 1000 0.4 10�5 1.0 0.95
Epoxy Char 800 1000 1.0 10�5 1.0 0.95
MMT 1300 1000 1.0 10�5 5.00 0.95
Organic Treatment 1140 1000 0.4 10�5 2.25 0.95
MWCNT 1300 1000 1.0 10�5 100 0.95
MWCNT Char 1300 1000 100 10�5 100 0.95
Air 11 1040 0.026 10�5 0 0.75
Insulation 1000 1000 10�30 10�30 1000 0
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and tracks changes in the volume of material. The complexity of
the model can be altered by introducing or removing material
components, which are characterized by temperature-dependent
physical and chemical properties. Every component is character-
ized by density, heat capacity, thermal conductivity, gas transfer
coefficient, emissivity, and absorption coefficient. The values used
in our calculations are listed in Table 1. Components may undergo
reactions. Each reaction may have one or two reactants and zero
to two products. The rate of reaction is presumed to be proportional
to the product of the reactant concentration(s) with rate constant k
(T)¼ A exp(�Ea/RT), where A and Ea are the Arrhenius pre-expo-
nential factor and activation energy and R is the gas constant.

The density of the epoxy resin was calculated from direct
measurement of the mass and volume of the (circular) disk shaped
samples used in the gasification experiments. The decomposition of
the epoxy was described as a single step, first order reaction
resulting in the formation of both gas and carbonaceous char. The
kinetic parameters (Ea¼ 260 kJ/mol and A¼ 8.7�1017 s�1) gov-
erning the rate of this reaction and the char yield (6% bymass) were
obtained from thermogravimetric analysis (TGA). All other values,
including the enthalpy of decomposition (340 kJ/kg), optical prop-
erties (absorption coefficients and emissivities), heat capacities, and
the thermal conductivities of the epoxy resin and char were esti-
mated by fitting the predicted mass loss rate (MLR) curves to the
experimental measurements. Note that the thermal conductivity
and heat capacity were represented by linear functions of the
temperature (in Kelvin), which was necessary to capture the qual-
itative features of the epoxy MLR curve. Although past experience
has indicated that it is not always possible to obtain meaningful
solutions by fitting MLR curves, previous measurements made on
similar materials by the developers of Thermakin [17e21] facili-
tated our ability to choose realistic values for these properties.

The nanoadditives were treated as solid objects that absorb and
emit radiation without decomposing. Values for the thermal
conductivities of the MMT and MWCNT nanoadditives were esti-
mated by requiring that the volume averaged thermal conductivi-
ties were consistent with experimental measurements on the
corresponding nanocomposites (see Fig. 8). Other values for the
thermo physical and optical properties (see Table 1) were obtained
by fitting the calculatedMLR curves to the results of the gasification
experiments; as described in the preceding paragraph. As the
surrounding polymer decomposes, the nanoadditives are envi-
sioned to become part of a continuous network that occupies
a fraction of the volume of the original sample. This process was
represented by a single step, first order reactionwith zero enthalpy
and kinetic parameters identical to those used for the decomposi-
tion of the epoxy. The fraction of the sample volume occupied by the
nanoadditive network was determined by varying its density until
the predicted values for the peak MLRs (PMLRs) were consistent
with the experimental observations. The TGA data in Fig. 11 clearly
indicate that, although the onset of decompositionwas not affected
by the presence of the MWCNTs, it occurred at lower temperatures
as the loading of MMT was increased. While the source of this
behavior is not clear, we found that the inclusion of an additional
reaction corresponding to the decomposition of the low molecular
weight organic surfactant improved agreement between the
calculated and experimentalMLR curves, particularly early on in the
degradation process. The values of the reaction enthalpy, activation
energy, and pre-exponential factor used to describe the thermo-
dynamics and kinetics of this reaction were 100 kJ/kg, 200 kJ/mol
and 8.7�1013 s�1, respectively.

3. Results

Fig. 3 shows the optical microstructure of epoxy/MWCNTs
composites at room temperature right aftermixing it with Jeffamine
and before starting the curing process. Optical microstructure of the
MWCNTs shows loosely packed isolated aggregates of the MWCNTs
at 0.00035 mass fraction of MWCNTs in epoxy. Even though highly
aligned MWCNTs were used (which are much easier to disperse
as compared to commercial MWCNTs), the MWCNTs show weak
aggregation, due to unfavorable interaction with the epoxy matrix.
Such morphology of weak aggregation of MWCNTs was reported
previously [22e24]. With increase in MWCNT concentration, the
aggregate size increases and eventually forms an interconnected
network of MWCNTs in epoxy, as seen in microstructure of 0.0025
mass fraction and 0.005 mass fraction of MWCNTs in epoxy. Similar
microstructure of weakly aggregated MWCNTs was reported previ-
ously by Rahatekar et al. [22],Martin et al. [23] andHobbie et al. [24].
Weakly aggregatedMWCNTsmicrostructurewas reported to be very
effective in achieving rheological and electrical percolation at very
low volume fractions of MWCNTs [22e25].

Fig. 4 shows XRD data for epoxy/MMT composites. The
d-spacing from the XRD data for MMT is found to be z3.48 nm
which confirms that the MMT in the epoxy has an intercalated
structure. Although the length of the MMT platelets dispersed
in epoxy is about 200 nm [12], the optical microstructure shows
a much larger particle size than 200 nm. The MMT tactoid aggre-
gates form approximately 5 to 10 mm mesoscale structures. Such
a microstructure in polymer laponite clay has also been reported
by Loizou et al. [26]. With increase in the mass fraction of MMT,
the aggregates become larger and eventually span to form a well-
connected network (0.135 mass fraction MMT/epoxy sample).

The rheological properties of MMT/epoxy and epoxy/MWCNTs
composites were also measured. Rheological characterization of
nanoclay or MWCNTs has been used to detect network formation
of nanoparticles in suspension which has been shown to reduce
the flammability of PMMA/nanoparticle composites [2]. Hence,
a similar study is conducted here. Fig. 5 shows elastic shearmodulus
(G0) measurements of epoxy/MMT composites immediately after
mixingwith Jeffamine curing agent (before the composites is cured)
as a function frequency of oscillation of the rheometer plate. As seen



Fig. 3. Optical microstructure of epoxy/MWCNTs and epoxy/MMT composites. Both MMT and MWCNT suspension in epoxy show aggregates which eventually form interconnected
network with increase in concentration.
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in Fig. 5 the 0.135 mass fraction epoxy/MMT shear elastic modulus
G0 dominates over the viscous modulus G00 at low frequency of
oscillation (u), this is a characteristic of solid-like behavior due to
network formation of nanoparticles in the suspension. In 0.065
mass fraction and 0.021 mass fraction epoxy/MMT nanocomposite
samples G00 dominates G0 over the entire range of oscillation
frequency, which confirms that these samples behave liquid-like
and hence do not form a network of MMT in the epoxy. The optical
microstructure observed for epoxy/MMT suspensions also indicate
isolated aggregates of MMT tactoids for 0.065 mass fraction and
0.021 mass fraction MMT and a continuous network of MMT
aggregates for the 0.135 mass fraction sample which is consistent
with the rheological data.

Rheological measurements of G0 of MWCNT/epoxy suspensions
show a similar trend (network formation of MWCNTs in epoxy) to
that of MMT/epoxy suspension, but with a much lower percolation
threshold (Fig. 6). For the 0.0003 mass fraction epoxy/MWCNTs
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Fig. 4. X-ray diffraction of epoxy/MMT nanocomposites showing in the D-spacing
z3.48 nm of MMT tactoids.
sample G00 dominates over G0 the entire frequency range which
indicates that the MWCNTs do not form a network at this concen-
tration. Hence for 0.0025 mass fraction and 0.005 mass fraction
epoxy/MWCNTs samples G0 is almost constant at low frequency of
oscillation and G0 dominates over G00 for both of these samples over
a wide range of oscillation frequency. This is a signature of solid-like
behavior due to network formation of MWCNTs in epoxy resin.
The optical microstructure of the 0.0025 mass fraction and 0.005
mass fraction epoxy/MWCNT (Fig. 3) sample also shows a good
interconnected network of MWCNT aggregates which is consistent
with the rheological data. The nanoparticle network is formed in
epoxy/MWCNTs above 0.0003mass fraction of MWCNTs whereas in
epoxy/MMT suspension the network forms only above 0.065 mass
fraction of MMT. This large difference in critical concentration for
network formation is most likely because MWCNTs have a signifi-
cantly higher aspect ratio (z625) than MMT and also because of
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Fig. 5. Oscillatory shear test for epoxy/MMT samples. The 0.135 mass fraction MMT/
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Table 2
Results of modeling.

Nanoadditive Loading
(mass
fraction)

Network
thickness
(m)

Network
density
(kg/m3)

Thermal
conductivitya

(WK�1M�1)

PMLR
(g/s)

None 0.0 0.0 0.0 0.341 0.29
MMT 0.021 1.0� 10�3 270 0.349 0.26
MMT 0.065 2.3� 10�3 190 0.367 0.19
MMT 0.135 6.5� 10�3 115 0.395 0.13
MWCNT 0.0003 2.1� 10�3 2.0 0.355 0.19
MWCNT 0.0025 3.8� 10�3 7.5 0.451 0.16
MWCNT 0.005 5.0� 10�3 10.8 0.560 0.16

a At 300 K.

S.S. Rahatekar et al. / Polymer Degradation and Stability 95 (2010) 870e879874
high alignment of CVD grown MWCNTs, which can be completely
exfoliate into individualMWCNTs (debundled) as compared toMMT
platelets, which in the samples are intercalated but not completely
exfoliated.

The flammability of samples are evaluated using the gasification
apparatus (Fig. 5) which measures the MLR of the sample due to
exposure to a constant heat flux under an inert atmosphere.
There are three unique features of the gasification apparatus used
for flammability testing. First, the gasification apparatus allows us
to study the condensed phase during pyrolysis in the absence of
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Fig. 7. [A] Experimental data of mass loss rate for epoxy/MWCNTs composites.
[B] Modeling data of mass loss rate of epoxy MWCNTs composites.
oxidation, since the gasification is carried out in a nitrogen atmo-
sphere. Secondly, the total heat flux which the samples are exposed
to remains nearly constant from sample to sample, as there is no
heat feedback from combustion in the gas phase, and lastly, one
can make optical (video) observations of the thermal degradation
process due to absence of interference from flame. Details of the
gasification apparatus are disused in a previous publication [14].

MLR for epoxy/MWCNT composites are shown in Fig. 7A. Reduc-
tion in peak of mass/heat release rate is an important factor in
controlling flame spread [27]. For the 0.005 mass fraction sample as
well as the 0.0025 mass fraction MWCNTs/epoxy sample the reduc-
tion in the peak MLR was observed to be almost 50% of the value
obtained for neat epoxy. The 0.0003 mass fraction MWCNT sample
shows z40% reduction in the peak MLR as compared to peak MLR
of epoxy. There is also significant delay in the total time required for
complete mass loss for all epoxy/MWCNT samples which increased
with increase in the mass fraction of MWCNTs in epoxy. Hence,
reduction in the MLR during gasification is an important feature in
epoxy/MWCNTs composites.

Modeling provided additional insights into the effect of the
nanoadditives on the MLRs of the nanocomposites. In order to
have a better understanding of the mechanism of MLR during
gasification we carried out modeling of the gasification of neat
epoxy, MMT/epoxy and MWCNTs/epoxy samples. The results of the
modeling of MWCNTs/epoxy and neat epoxy gasification are shown
in Fig. 7B and summarized in Table 2. Although there are some
minor discrepancies between the calculated and experimental MLR
curves, the overall agreement is reasonably good, which instills
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the thermal conductivity of neat epoxy. MMT/epoxy samples, which show significantly
less increase in thermal conductivity.
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some confidence in the validity of conclusions drawn from these
calculations. They indicate that the primary mechanism by which
these nanoadditives effect a reduction in MLR is re-radiation of the
thermal energy incident on the sample surface. More specifically,
once the surrounding polymer is gasified, the nanoadditives form
a protective layer on the surface of the sample [2]. As the temper-
ature of the nanoadditive layer rises, it emits radiation in propor-
tion to the fourth power of its temperature in accordance with the
StefaneBoltzmann equation. As a consequence, the thermal energy
reaching the underlying polymer is reduced (thereby resulting in
a lower MLR); effectively becoming zero when the network comes
into thermal equilibrium with the source of radiant energy at
a temperature of about 960 K.

The effectiveness of re-radiation in reducing the MLR depends
on the volume (or, equivalently, the thickness of the protective
layer formed by the nanoadditives) and the thermal conductivity of
the nanoadditive network. All other things being equal, the peak
MLR decreases as the thickness of this protective layer increases
and as its thermal conductivity decreases. The MWCNTs have large
aspect ratios, which may enable them to form a strong protective
layer at very low densities. However, the effectiveness of the
MWCNT network in shielding the underlying polymer is eventually
Fig. 9. Residue for epoxy/MWCNTs samples after gasification test. 0.5 mass fraction and 0.25
epoxy and 0.035 mass fraction epoxy/MWCNT samples. Unlike epoxy/MMT residue, epoxy/
undermined because thermal conductivity increases with MWCNT
loading. At high loadings (or, equivalently, high thermal conduc-
tivities), the thickness of the protective layer becomes insufficient
during the later stages of the thermal decomposition of the sample
and the underlying polymer heats up, resulting in an increase in
PMLR. The break-even point appears to occur for MWCNT loadings
in the vicinity of 0.005 mass fraction, Fig. 8 shows the relative
change in thermal conductivity with increase in the MWCNT mass
fraction as compares to thermal conductivity of neat cured epoxy
matrix at 25 �C. As seen from Fig. 8, the thermal conductivity for
0.005 mass fraction epoxy/MWCNTs is significantly higher than
0.0025 mass fraction epoxy/MWCNT composite. It is very difficult
to measure the thermal conductivity of epoxy/MWCNTs at the
gasification temperature, most likely it is going to be higher that
thermal conductivity at room temperature. This is because epoxy
resin, which has poor thermal conductivity, degrades and gasifies
during the experiment which will further increase the effective
concentration of MWCNT in the protective surface layer. Due to
higher thermal conductivity of epoxy/MWCNTs, the heat transfer to
the degrading polymer molten layer below the charring layer will
increase, hence we observe a slight increase in the peak of mass
release rate for 0.005 mass fraction epoxy/MWCNTs sample, which
mass fraction epoxy/MWCNT samples show good residue integrity as compared to neat
MWCNTs samples residue do not show any visible surface cracks.
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is consistent with our experimental data as well as modeling
predictions (Fig. 7). Similar reversal of the trend in the peak mass
loss rate (PMLR) with increase in MWCNTs mass fraction is also
reported by Kashiwagi et al. [8].

The residue formed after gasification for 0.0003 mass fraction
MWCNT/epoxy sample shows good residue integrity, i.e., the residue
retains the original shape of the sample. No visible surface cracks
(Fig. 9) are observed which helps to reduce the mass loss from the
surface during gasification. Better residue integritymay help explain
the delay in the total time required for completemass loss for 0.0003
mass fraction epoxy/MWCNT. The PMLR reduction improves further
to 45% for 0.0025 mass fraction MWCNTs/epoxy samples. Improve-
ment in the residue integrity (Fig. 9) as well as further increase in
total time required for complete mass loss is observed (Fig. 7).
With further addition of MWCNTs (0.005 mass fraction MWCNTs),
the peak of MLR increase slightly compared to 0.0025 mass fraction
MWCNT/epoxy composites. However, for 0.005 mass fraction
MWCNTcomposites, the initial MLR profile is lot lower than the rest
of the samples (Fig. 7A). Hence, we believe that even if the peak of
MLR for 0.005mass fraction MWCNTs sample is slightly higher than
that for 0.0025 mass fraction MWCNT/epoxy, the significantly
lower initial mass loss of 0.005mass fractionMWCNT/epoxy sample
represents an overall improvement in flammability. MWCNTs have
very high thermal conductivity. The presence of MWCNTs in epoxy
reduces the mass loss of the volatiles at the surface of epoxy/
MWCNT, but with increase in amount of MWCNT the thermal
conductivity of the epoxy MWCNTs increases. The increase in the
thermal conductivity of 0.135 mass fraction MMT/epoxy sample is
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Fig. 10. [A] Experimental data of mass loss rate for epoxy/MMT composites.
[B] Modeling data of mass loss rate of epoxy/MMT composites.
significantly less (about 20% increase relative to the neat epoxy) as
compared to MWCNT/epoxy samples (Fig. 8).

The residue integrity for 0.0025 mass fraction and 0.005 mass
fraction epoxy/MWCNTs appears to be better than that for 0.0003
mass fraction epoxy/MWCNTs and neat epoxy samples (Fig. 9). The
residue yield of all MWCNTs/epoxy samples is not significantly
different than the residue yield of pure epoxy sample. However,
there is clear improvement in residue integrity and reduction inpeak
MLR, initial MLR and time required for complete mass loss for all the
MWCNT/epoxy samples when compared with pure epoxy samples.

Fig. 10A shows the MLR as a function of time for neat epoxy and
epoxy/MMT composites from gasification experiments. As seen in
Fig. 10A, there is about 50% reduction in PMLR as well as a signifi-
cant delay in the complete mass loss for the 0.135 mass fraction
epoxy/MMT composites as compared to neat epoxy sample. There
is also a 30% decrease in the peak of MLR at a clay concentration of
0.065 mass fraction and a 10% reduction in peak of MLR for 0.023
mass fraction MMT/epoxy composite. Fig. 10B shows the modeling
results of the gasification of the neat epoxy and MMT/epoxy
samples. There is good agreement with the mass loss rate curves
obtained experimentally. It is of interest to note that the early
increase in the MLR of the MMT/epoxy composites as compared to
neat epoxy is reproduced in the model calculations. This behavior
was not evident in the TGA (Fig. 11B) or MLR curves obtained from
the MWCNTs/epoxy samples. In fact, quite to the contrary, the
MWCNT/epoxy samples exhibit a distinct reduction in MLR with
Fig. 11. Thermogravimetric data of decomposition of [A] epoxy and epoxy/MMT
composites showing early decomposition of epoxy/MMT composites with increase in
mass fraction of MMT. [B] Epoxy and epoxy/MWCNT composites which shows prac-
tically no change in the decomposition of epoxy/MMT composites as compared to neat
epoxy.



Fig. 12. Residue for epoxy/MMT samples after gasification test. 0.135 mass fraction and 0.065 mass fraction epoxy/MMT samples show good integrity as compared to neat epoxy and
0.021 mass fraction epoxy/MMT samples. However large surface cracks are visible on the 0.135 mass fraction and 0.065 mass fraction epoxy/MMT samples. The residue is calculated
after subtraction of the inorganic residue left over from MMT.
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increasing loading of MWCNTs, which is also reproduced in the
model calculations (Fig. 7).

Fig. 12 shows the residue after gasification experiments of epoxy
and epoxy/MMT composites. The residue after the gasification
experiment for 0.135 mass fraction and 0.065 mass fraction epoxy/
MMT show good integrity (no visible surface cracks). Neat epoxy
produces a small amount of residue, however the residue integrity
of pure epoxy sample does not seem to be good. The 0.021 mass
fraction epoxy/MMT sample shows poor residue integrity as well,
however, a small reduction (10%)was seen in thepeak ofMLR for this
sample. Residue integrity is an important feature from the point of
view of dripping of polymers during combustion. Dripping of poly-
mers during combustion can increase flame spread rate, however
the good residue integrity seen in 0.135 mass fraction and 0.065
mass fraction epoxy/MMT samples is likely to avoid dripping during
combustion. Even though the residue integrity of 0.065 and 0.135
mass fraction samples is good, these samples show large visible
surface cracks in the residue. The formation of cracks on the surface
of the pyrolyzing polymer during gasification allows the thermal
energy to penetrate deep into the underlying polymer affecting
the efficiency of the thermal barrier generated by the nanoadditive.
The residue will work effectively as a protective barrier, if there is
a continuous protective layer of nanoparticle and residue formed on
the surface of the sample. The residue for all the MWCNTs/epoxy
samples i.e. 0.0003 mass fraction, 0.0025 mass fraction, and 0.005
mass fraction Epoxy/MWCNTs samples do not show visible surface
cracks, which were clearly seen in the residue of epoxy/MMT
samples. The high aspect ratio of MWCNTs most likely acts as rein-
forcement in the residue and do not allow the residue to crack on the
surface. The better residue integrity of epoxy/MWCNTs samplesmay
be the reason for the delay in complete mass loss as compared to
epoxy/MMT samples.

The 0.135 mass fraction epoxy/MMT sample shows a 50%
decrease in PMLR as well as a significant delay in the complete mass
loss as compared to rest of the samples (Fig. 10A). The 0.065 mass
fraction epoxy/MMT samples also show 20% reduction in peak MLR
and good residue integrity after gasification. However, rheological
data (G0) does not show network formation for 0.065 mass fraction
MMT/epoxy sample. The neat epoxy sample forms residue after
gasification which was not seen in a previous study of PMMA/
nanoparticle composites. We believe that the residue formation of
epoxy reduces absolute need for network formation of nano-
particles, hence, evenwhenMMTdoes not form a solid-like network
at 0.065 mass fraction, it still is able to reduce the peak of mass loss
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during gasification. Thus, in this case, rheological measurements do
not strictly correlate to flammability data like previously observed
for thermoplastic non-charring polymers [2].

For epoxy/MWCNTs as well as epoxy/MMT, we could not
establish a good correspondence between the rheological proper-
ties (network formation of nanoparticles) and the reduction in the
peak of MLR or the residue integrity of the samples. 0.0025 mass
fraction and 0.005 mass fraction epoxy/MWCNTs samples show
a network formation of MWCNTs which is determined using G0

measurement. 0.0003 mass fraction MWCNTs/epoxy sample does
not show network formation of MWCNTs based onmeasurement of
G0 yet there is significant reduction in peak MLR. Once again, for
thermoset epoxy/nanoparticle composites, there is not necessarily
a direct correlation between flammability and rheolological prop-
erties for epoxy resin. Residue (char) from epoxy (which was not
seen for PPMA/MWCNTs composites in a previous study [4]) and
MWCNTs may be able to form an effective protective layer which
reduces the MLR, which may effectively form a barrier reducing
peak MLR even when MWCNTs by themselves do not form
a network. There is also an additional factor of thermal conductivity
which plays an important role in determining the peak of MLR
besides the effect protective layer formation ofMWCNTs. Hence, for
MWCNTs more than 0.005 mass fraction in epoxy matrix will result
in higher PMLR even if there is network formation of MWCNTs.

4. Conclusions

This work was focused on comparing the flammability of epoxy/
MWCNT and epoxy/MMT composites. Both epoxy/MWCNTs and
epoxy/MMT nanocomposites showed significant reduction in the
PMLR during gasification experiments. The PMLR for 0.005 mass
fraction and 0.0025 mass fraction epoxy/MWCNTs composites was
reducedby 45%as compared to neat epoxy. In this study,wewere able
to achieve 45% decrease in PMLR at very small amount (0.0025mass
fraction) MWCNTs, much smaller than reported previously with
either usingMWCNTs (0.02mass fraction) [8] or SWCNTs (0.005mass
fraction) [5] composites. We attribute this effect to highly aligned
MWCNTs which can be easily exfoliated (debundle) using high
shear mixing. The 0.135 mass fraction of MMT was required to
observe a similar reduction in PMLR for epoxy/MMT composites as
compared to 0.0025 mass fraction of MWCNTs. Both MWCNTs and
MMT composites seem to show improved residue integrity (above
a concentration to form nanoparticle network) as compared to neat
epoxy. However, visible surface cracks were seen on the surface of
epoxy/MMT residue indicating that the residue strength of epoxy/
MWCNTs may be better than that for the epoxy/MMT. Peak of MLR
decreases by 45%whenMWCNTs form a network in epoxy. For 0.005
mass fraction MWCNTs there was slight increase in the peak of
MLR, however, this sample showed a significantly less mass loss as
compared to the rest of the samples during initial part of gasification
experiment. For thermoset epoxy, unlike PMMA, residue from neat
crosslinked epoxy resin is obtained in gasification experiments. The
effect of residue formation fromneat epoxyappeared to have reduced
the absolute necessity of network formation of nanoparticles in order
to reduce the peak MLR and improvement in the residue integrity
of the samples. Thus, even if 0.0003 mass fraction MWCNTs/epoxy
sample and 0.065 mass fraction MMT/epoxy sample shows no
rheological network formation, these samples still are able to reduce
the PMLR during gasification.

Modeling of gasification of MWCNT/epoxy and MMT/epoxy
nanocomposites resulted in good fits to the experimental mass
loss rate curves. Since the nanoadditives were treated in the model
as inert objects that can only absorb and emit radiation, the good
agreement between the model calculations and experimental
measurements is taken as evidence that re-radiation of the absorbed
heat is the primary mechanism by which these nanoadditives effect
a reduction in MLR. The effectiveness of re-radiation in reducing the
MLR depends on the volume (or, equivalently, the thickness of
the protective layer formed by the nanoadditives) and the thermal
conductivity of the nanoadditive network. All other things being
equal, the peak MLR decreases as the thickness of this protective
layer increases and as its thermal conductivity decreases. The
MWCNTs are more effective than MMT at low loadings because of
their rope or fiber like structure, which enables them to form
strong networks at very low densities. However, the effectiveness of
the MWCNT network in shielding the underlying polymer is even-
tually undermined because its thermal conductivity increases with
MWCNT loading. At high loadings (or, equivalently, high thermal
conductivities), the thickness of the protective layer becomes
insufficient and the underlying polymer heats up during the later
stages of the thermal decomposition process resulting in an increase
in PMLR. The break-evenpoint appears to occur forMWCNT loadings
in the vicinity of 0.5 wt%. Since MMT has much lower thermal
conductivity thanMWCNTs, this point is never attained for theMMT
nanocomposites. The efficacy of increasing the loading of MMT is,
however, limited by its poor miscibility in the polymer.
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