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Abstract

Intercalated and ordered exfoliated layered silicate nanocomposites based on three different epoxy resins of different
structures and functionalities were synthesized using an octadecyl ammonium modified smectite clay. Water uptake
properties of series of each nanocomposite system with different organoclay concentrations were determined by
gravimetric measurements over a period of time. The diffusion coefficients were determined and the effect of the ab-
sorbed water on the thermal relaxations investigated. The equilibrium water uptake of all nanocomposites was reduced
compared to the neat epoxy system but the rate of water diffusion remained unaffected. Further, the thermal stability of
the different nanocomposites was determined using thermogravimetric analysis. The nanocomposites showed slightly
reduced thermal stability, as indicated by a slight decrease in onset of degradation, whilst the final char concentration

increased for greater organoclay concentrations.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The use of organically modified layered silicates
(OLS) as a reinforcing filler for flexible epoxy resin
systems with low glass transitions has shown significant
improvement in the mechanical properties (modulus and
toughness in some cases) when dispersed on a nanome-
ter scale [1-3]. More recently, it was found that these
fillers also show potential for use in more highly cross-
linked resin systems with high glass transition tempera-
tures, as commonly used in aerospace and other high
performance applications [4-6]. However, in order to
qualify for the use in these applications with increased
technical demands and economic and legislative re-
quirements, knowledge of the performance of this new
class of material under extreme environmental condi-
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tions such as moisture and elevated temperatures is re-
quired.

The water uptake of neat epoxy resin systems [7—12]
or epoxy-based fiber composites [13,14] has been widely
discussed and is known to have significant effects on the
overall properties of the polymer or composite material.
The water molecules are often assumed to occur in two
different environments in the polymer matrix: the water
is either strongly interacting with specific (polar) groups
of the epoxy matrix or clustered together in free volume
micro-voids as “free water”. The water sorption be-
havior is hence considered to depend on free volume
properties and type and concentration of polar groups in
the epoxy system. Whilst the effect of water sorption is
reversible to a certain extent, the combination of ele-
vated temperatures and absorbed water may also lead to
irreversible degradation which is a particular concern in
high performance applications. The major draw backs
of water sorption that have often been reported are its
plasticizing effect, leading to a reduced glass transition
temperature, decreased modulus and compressive
strengths, chain scission and hardener degradation as
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well as possible detachment of the resin from the fiber in
composite materials. De’Néve and Shanahan [11], for
example, show that Youngs Modulus changes from be-
fore and after exposure to water at between 40 and 70
°C, and degradation products can also be seen by in-
frared analysis.

Major studies by Massam and co-workers [15,16]
have investigated the resistance of glassy DGEBA based
nanocomposites towards organic solvents and water. It
was found that the absorption of methanol, ethanol and
propanol was faster in the neat epoxy system, compared
to the nanocomposite and that properties of the neat
systems were much more affected by the absorbed sol-
vent. In the case of water however, only the rate of
absorption was reduced. The equilibrium water uptake
was found to be relatively unaffected. It was further
observed that the barrier to solvent uptake was more
significant in the exfoliated composite compared to the
conventional or intercalated layered silicate composite.
Shah et al. [17] have recently reported a study on
moisture uptake of vinyl ester based organically modi-
fied montmorillonite nanocomposites. Although the
moisture diffusivity was decreased through the clay ad-
dition, the equilibrium moisture uptake was found to
increase with the amount of layered silicate added. It
was also reported that the diffusion coefficient did not
differ significantly between two different clay modifica-
tions, which gave different dispersion or separation of
the layered silicate. It was theorized that the decreased
diffusivity might be ascribed to the restricted motion of
polymer chains, which are associated with the clay
particles. The increase in total water uptake was as-
cribed to the attraction the clay particles show to
moisture.

Along with water uptake, the thermal stability of the
nanocomposite is investigated in this study. As well as
the epoxy matrix, the alkylammonium compatibilizer,
which is well established as a common surface modifier
for the layered silicate to achieve good intercalation or
exfoliation, is also sensitive to degradation at elevated
temperatures. A widely applied technique to assess the
thermal stability of a material is the thermo-gravimetric
analysis (TGA), where the sample material is usually
exposed to a constantly increasing temperature under a
defined inert or oxidizing atmosphere, whilst changes in
the sample weight are recorded.

Improved thermal stability has been reported for
several thermoplastic layered silicate nanocomposites
[18-21]. To date, the thermal stability of epoxy nano-
composites has only been investigated for DGEBA based
systems. All studies have reported improvement in
thermal stability with addition of layered silicate
[3,22,23]. Park et al. [22] reported an increased activation
energy of decomposition, increased temperature of
maximum rate of weight loss and increased integral pro-
cedural decomposition temperature for epoxy nanocom-

posites when compared with the cure epoxy. However,
the initial decomposition temperature of the nanocom-
posite was slightly decreased.

The mechanism of the improvement of thermal sta-
bility in polymer nanocomposites however is not fully
understood. It is often stated [22-25] that the enhanced
thermal stability is due to improved barrier properties
and the torturous path for volatile decomposition
products, which hinders diffusion out of the material.
Recently, Zhu et al. [21] found for polypropylene—clay
nanocomposites that the structural iron in the dispersed
clay may also act as a trap for radicals and hence im-
prove thermal stability. Gilman et al. [26,27] reported
that the layered silicates appear to enhance the perfor-
mance of the char layer, which acts as an insulator and
mass transport barrier and therefore reduces the mass
loss rate and improves flammability and thermal sta-
bility.

The work presented in this paper investigates if there
is a major change in the water uptake properties and
thermal stability of a series of high performance nano-
composites that have shown improved toughness and
stiffness through the incorporation of OLS [4].

2. Experimental
2.1. Materials

Three different epoxy resins were used as the polymer
matrix: diglycidyl ether of bisphenol A (DGEBA), DER
331 Dow epoxy resin, triglycidyl p-amino phenol
(TGAP), Araldite MY0510 of Ciba Speciality Chemicals
and tetrafunctional tetraglycidyldiamino diphenylme-
thane (TGDDM) Araldite MY720 of Ciba Speciality
Chemicals. The hardener, Ethacure 100, of Albemarle
Corp. is a mixture of two diethyltoluene diamine
(DETDA) isomers, containing 74-80% 2,4 isomer and
18-24% 2,6 isomer. The organoclay used is a commer-
cially-available octadecyl ammonium ion-modified mont-
morillonite layered silicate of Nanocor Inc., Nanomer
1.30E. A range of epoxy nanocomposites containing 0%,
2.5%, 5% and 10% organoclay were prepared. The
synthesis of the nanocomposite materials was the same
as described previously [4]. Prior to sample preparation,
chemicals were dried for 12 h at 50 °C under vacuum to
avoid moisture. The layered silicate was dispersed in the
resin at 80 °C using a stirrer at 500 rpm for 30 min. The
curing agent was added and mixed under vacuum for
another 60-90 min at approximately 70 °C. The blends
were cured for 2 h at 100 °C, 1 h at 130 °C, 12 h at 160
°C followed by a postcure for 2 h at 200 °C. An epoxide
to amine ratio of 1:0.9 was chosen for each nanocom-
posite to ensure an excess of epoxy groups since residual
amine can be deleterious to moisture uptake and ulti-
mate properties.
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2.2. Wide angle X-ray scattering (WAXS)

WAXS measurements were taken from each sample
using a Rigaku Geigerflex generator. The acceleration
voltage was 40 kV. A current of 22.5 mA was applied
using Ni filtered CuKa radiation. Measurements were
taken in a range of 26 = 1-25°.

2.3. Transmission electron microscopy (TEM)

TEM microtome specimens were cut with a Porter-
Blum MT-2B ultramicrotome using a DiaTech diamond
knife. The samples of 70-90 nm thickness were collected
on hexagonal 300 mesh copper grids. Micrographs were
obtained from a Philips CM20 transmission electron
microscope operating at 200 kV in bright field mode.

2.4. Water uptake

Three specimens of each material with the dimensions
of 40x10x2 mm were stored in a test tube filled with
distilled water and the temperature stabilized with a water
bath at 80 & 1 °C. After certain time intervals, the samples
were taken from the test tubes, dried with a paper towel
and the weight was determined on analytical scales.

2.5. Dynamic mechanical thermal analysis (DMTA)

The apparent glass transition temperature, T,, of the
dry nanocomposites as reported previously [4] and after
water uptake experiments were determined on a Rheo-
metric Scientific dynamic mechanical thermal analyzer,
DMTA IV and are labeled the a-relaxation in this work.
Relaxations at lower temperatures in the glassy state are
known as the B-relaxation. Samples were clamped in a
medium frame using a small center clamp in the dual
cantilever mode. Temperature scans at frequencies of 1
Hz were performed from —100 to 50 and from 50 to 300
°C at 2 °C/min. Experiments were conducted in two
stages to avoid high internal stresses in the specimen due
to thermal expansion.

W T

N

2.6. Thermogravimetric analysis

TGA analyses were performed on a Mettler Toledo
TGA/SDTAS851¢ thermo gravimetric analyzer. Coarsely
ground samples of 10-15 mg were heated from 50 to 800
°C at a scanning rate of 5 °C under a constant nitrogen
flow of 45 mL/min.

3. Results and discussion
3.1. Nanocomposite structure

To verify the morphology of the cured epoxy resin-
layered silicate blends, the materials were investigated by
means of wide-angle X-ray scattering (WAXS) and
transmission electron microscopy (TEM). All epoxy
resin systems intercalated the organically modified lay-
ered silicate with an increase in the average d-spacing.
The initial d-spacing of the organically modified layered
silicate was determined to be 23 A. The average distance
between silicate layers in the nanocomposites was found
to be approximately 80 A for the DGEBA, 45-50 A for
the TGDDM and TGAP based composite systems. In
general, comparison of XRD and TEM results was in
good agreement. Typical TEM images of the DGEBA
and TGDDM nanocomposites are shown in Fig. 1.
More details of these materials are given in Refs. [4,6].

3.2. Water uptake

An example for the water sorption as a function of
time is illustrated in Fig. 2 for the series of TGAP based
nanocomposites. Equilibrium water sorption values for
all systems are shown in Table 1. Interestingly, it can be
seen that the DGEBA based systems generally absorb
less water than the two resin systems of higher func-
tionalities, with values for the TGDDM based materials
being below those for TGAP.

The water sorption behavior is often related to the
free volume of a material. Soles et al. [28,29] found a

Fig. 1. Typical TEM micrographs of DGEBA (left) and TGDDM (right) nanocomposites containing 7.5% OLS.
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Fig. 2. Water sorption curve of a series of TGAP based
nanocomposites containing different concentrations of OLS.

strong correlation between the hole volume fraction
extrapolated to absolute zero when polymer motion has
ceased and the ultimate water uptake of epoxy resins,
whilst the diffusion coefficient was not affected by the
free volume fraction. Recent work by Tscharkhtchi et al.
[30], in contrast reported that after water sorption tests
the water was essentially dissolved in the network of an
epoxy system due to the polar groups present in the
polymer. The experiments showed very little volume
change without any clustering or microvoiding. It was
proposed that water is originally dissolved in the net-
work, rather than located in the free volume.

Free volume properties of selected materials of the
range of nanocomposites studied in this paper have been
investigated by positron annihilation lifetime (PAL)
spectroscopy elsewhere [6]. It was found that the

Table 1

DGEBA-based materials showed the highest overall free
volume. However, the differences in free volume prop-
erties between the resin systems were not significant.
Hence it is assumed that the variation in equilibrium
water uptake is mainly related to the polarity of the
polymers and hence to the amount of bound water, ra-
ther than the free water trapped in micro-voids of free
volume in the nanocomposite matrix, in good agreement
with Tscharkhtchi et al. [30] for neat epoxy systems. It
should be noted that the PAL results were obtained at
room temperature [6], as opposed to the work of Soles
et al. [29] who did the temperature dependent PAL
work, and extrapolated to very low temperatures.

The equilibrium values show that the neat epoxy
systems generally absorb more water than the layered
silicate composite materials. A monotonic decrease in
water sorption with increasing clay concentration,
however, could not be found. The diffusion behavior of
water into epoxy systems has shown to be in good
agreement with Fick’s second law of diffusion [8,9]. For
the one-dimensional diffusion through an infinite plate
Fick’s second law of diffusion is commonly expressed as

oC *2C
- Poe (1)

with C being the concentration of the diffusing substance
(water), ¢ the time, D the diffusion coefficient and x the
length. It was further shown by Crank [31] that this
correlation can be simplified for the initial stage of water
absorption with AAj—; <0.6 as

M, 4
T AL @

with M, being the amount of water diffused into the
polymeric material and M, the amount of water ab-

Equilibrium water uptake, diffusion coefficient and o and B-transition peak temperatures as determined from DMTA measurements

before and after water sorption determined at 1 Hz

Sample Equilibrium Diffusion coeffi- Relaxation peak temperature (°C)/Width at half peak height

water uptake cient D Dry specimen Wet specimen

(%) (1078 ecm?s7!)

a-Peak o-Width  B-Peak o-Peak o-Width  B-Peak

DGEBA 0% OLS 2.810 43 187.0 33 -57.9 161.7 48.5 —-65.5
DGEBA 2.5% OLS 2.425 4.7 183.1 37 —-58.5 166.3 41.2 —64.4
DGEBA 5% OLS 2.405 49 182.5 36 —-60.0 162.8 40.9 -65.4
DGEBA 10% OLS 2.659 3.8 174.3 39 -62.9 155.3 45.5 —63.8
TGAP 0% OLS 4.797 2.3 280.8 41 —49.1 236.7 45.1 -59.0
TGAP 2.5% OLS 4.597 3.7 278.1 49 -52.8 236.2 63.2 -58.5
TGAP 5% OLS 4.274 3.1 271.0 45 =527 244.6 52.1 -58.5
TGAP 10% OLS 4.330 3.6 262.7 53 -55.9 244.5 70.4 -54.0
TGDDM 0% OLS 3.967 23 259.6 37 -53.4 248.6 65.3 -62.4
TGDDM 2.5% OLS 3.746 3.0 248.1 37 -54.7 229.8 43.1 —64.5
TGDDM 5% OLS 3.732 4.1 242.0 48 -56.2 236.2 61.7 —64.4
TGDDM 10% OLS 3.778 3.1 240.2 48 —58.8 228.1 60.9 -63.5
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sorbed at equilibrium or infinite time. Data from the
first few measurements of our experimental series have
been fitted to this equation and the diffusion coefficient
was determined. Results for the diffusion coefficient, D,
are shown in Table 1. The order of magnitude of the
diffusion coefficients are in good agreement with values
reported for other epoxy resin systems [8,10], but no
clear trend existed with varying organoclay concentra-
tion. It clearly is quite dependent on the precise nature
of constituents and morphology, since Massam and
Pinnavaia [16] find that the rate of water uptake varied
with clay addition, and not the equilibrium uptake.

3.3. Dynamic mechanical thermal analysis

Dynamic mechanical thermal analysis measurements
were performed on each sample after 3670 h storage in
distilled water at 80 °C. Fig. 3a—c shows the tan J traces
of dry and wet TGAP resin system, as well as the TGAP
nanocomposite containing 10% organoclay as an ex-

0.7

o 0% OLS wet
© 0% OLS dry
©10% OLS wet
+10% OLS dry

150 200
Temperature [°C]

100

Tan §

191

ample. Table 1 summarizes the o-relaxation (apparent
T,) and the secondary, B-relaxation peak temperatures
for the wet and dry nanocomposites, as well as the width
of the a-relaxation peak (width at half peak height).
The effect of the layered silicate on the thermal re-
laxation of the dry specimens has been the subject of
previous discussions [4] and it was found that both, the
o- and P-relaxation peak temperature are constantly
decreased with increasing organoclay concentration,
possibly to a number of reason, such as changes in re-
action chemistry, lower crosslink density or a plasticiz-
ing effect of the clay compatibilizer or entrapped resin or
hardener monomers. In particular, this is seen in other
systems with rigid amines and high functionality epoxy
resins [5]. Comparison of the o-relaxation traces between
wet and dry samples show that the absorbed water de-
creases the 7, significantly, along with increased broad-
ening of the peak width. It can be found that the
decrease in 7, is not a monotonic decrease as a function
of the amount of water absorbed. It was found (see in
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Fig. 3. (a) Dry and wet tan ¢ traces of DGEBA nanocomposites as determined from DMTA at 1 Hz. (b) Dry and wet tan ¢ traces of
TGAP nanocomposites as determined from DMTA at 1 Hz. (c) Dry and wet tan 6 traces of TGDDM nanocomposites as determined

from DMTA at 1 Hz.
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Fig. 3b and c¢) that both wet and dry samples of the
higher functionality epoxy resins (TGAP and TGDDM)
show a shoulder or an indication of a new peak at lower
temperatures. The low temperature peak varied ran-
domly in intensity between different organoclay con-
centrations and did not follow a clear trend with
increasing filler concentration. Since most systems only
showed a broad shoulder, the temperature location of
this is not recorded in Table 1. It is well known that the
high glass transition temperature epoxy resins do not
always reach their ultimate 7, during post-cure, as the
curing process is diffusion-controlled in the glassy state,
and hence very slow [5,32,33]. As reported previously [6],
for selected samples of the specimen investigated here,
FTIR measurements of the residual epoxy groups after
cure showed that all systems showed relatively low
concentrations. However, the values for high function-
ality epoxy resins were slightly greater than those of
DGEBA. Dynamic temperature DMTA measurements
after cure below the ultimate 7, often show more than
one peak in the tan J traces (the low peak/shoulder being
related to the undercured region and the higher, more
prominent peak arising from the glass transition of the
more highly crosslinked region, probably also including
some of the less crosslinked region that has additionally
reacted during thermal measurement). This aspect is
made clearer in Fig. 3a, in which the lower functionality
DGEBA only shows a single peak—dry and with
moisture—indicating that a more fully, even degree of
crosslink density was achieved. The additional peak is
weak in the dry TGAP and TGDDM samples, but in-
creases in prominence after water sorption, simply
moving to lower temperatures on addition. It is possible
that the water preferentially locates in areas of lower
crosslink density, forming a more plasticised phase and
thus a stronger DMTA peak.

Fig. 4 shows the broad B-relaxation peaks of cured
TGDDM and the TGDDM nanocomposite containing
10% OLS as an example. Values for all systems can be
found in Table 1. Similar to the changes in 7, a reduced
B-relaxation peak temperature can be found for the wet
specimens.

3.4. Thermal stability

The thermal stability of epoxy nanocomposite series
cured at the 100 °C cycle was determined using thermo-
gravimetric analysis, TGA, under a nitrogen atmosphere.
Figure shows an example of a TGA trace obtained from
the neat TGDDM system and the TGDDM nanocom-
posite containing 10% organically modified layered sili-
cate. As illustrated in the figure, the onset and the end set
temperature were determined from the intersection of the
two tangents. Furthermore, the peak degradation tem-
perature was determined from the first derivative of the
TGA curve using the Mettler Toledo STAR® software.

Tan &

© 0% OLS wet

0.021 © 0% OLS dry

0.014 ® 10% OLS wet
* 10% OLS dry

-100 -50 0 50
Temperature [°C]

Fig. 4. Dry and wet tan¢ traces of TGDDM and TGDDM
nanocomposites as determined from DMTA in the subambient
state at 10 Hz.

Table 2 shows values for the onset, the end set, the
temperature interval between onset and end set (ATemp)
as well as the degradation peak temperature (degrada-
tion peak), determined as the peak of the first derivative
and the total weight loss at 700 °C (Fig. 5).

In general, a slightly decreased onset temperature can
be observed with increasing organoclay concentration
for the TGDDM nanocomposites. A similar trend is
shown for the peak degradation temperature of the
DGEBA and TGAP nanocomposite series. Values for
TGDDM, however, show some scatter around a value
of about 378 °C rather than a constant trend of de-
creasing temperatures with clay addition. The interval
between degradation onset and end shows a slight trend
of broadening for the DGEBA and TGAP series.
However, this cannot be observed for the TGDDM se-
ries and is not consistent with the reduced onset and
peak degradation temperatures.

It is important to note that TGA curves of resin
systems with and without organoclay generally show the
same behaviour in the lower temperature regime before
the onset of degradation. A separate degradation of the
interlayer exchanged ions is not observed, however it
should be noted that the organo-ion concentrations are
very low, some 25-30 wt.% of the treated clay fraction.
It is assumed that the interlayer exchanged ions are well
embedded or incorporated into the polymer matrix.
TGA traces of the neat organoclay are shown in Figure,
with the degradation of the compatibilizer starting at
about 200 °C. This is in good agreement with the deg-
radation behaviour observed for other exfoliated epoxy
organoclay nanocomposites by Wang and Pinnavaia [3]
and Gu and Liang [34] who recently found that onset
temperatures of degradation also were lowered, espe-
cially in the case of the longer alkyl ammonium chains.
Likewise, the potential reasons outlined earlier leading
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Table 2

Thermal stability parameters of various nanocomposite systems as determined from TGA

System Onset (°C) End set (°C) ATemp (°C) Degradation peak (°C) Total wt. loss at 700 °C (%)
DGEBA 0% OLS 358.3 405.5 47.2 371.6 88.0
DGEBA 2.5% OLS 3574 403.9 46.5 369.7 88.6
DGEBA 5% OLS 351.9 402.2 50.3 368.7 85.0
DGEBA 7.5% OLS 3514 400.7 49.3 367.7 83.4
DGEBA 10% OLS 346.7 401.5 54.8 366.7 80.7
TGAP 0% OLS 342.5 385.5 43.0 360.0 78.5
TGAP 2.5% OLS 344.7 386.9 422 357.4 69.0
TGAP 5% OLS 341.0 388.7 47.7 3533 79.6
TGAP 7.5% OLS 339.0 389.0 50.0 354.3 74.0
TGAP 10% OLS 3389 389.7 50.8 355.3 72.9
TGDDM 0% OLS 345.4 417.4 72.0 374.9 84.3
TGDDM 2.5% OLS 340.0 423.2 83.2 378.2 81.2
TGDDM 5% OLS 348.5 415.1 66.6 377.6 80.1
TGDDM 7.5% OLS 343.2 420 76.8 379.9 79.1
TGDDM 10% OLS 344.5 419.4 74.9 380.7 77.5
\ 2.0
1001 100 4 - .
Weight loss +18 E
. — Derivative of weight | 1 1.6 =
80/ Onset 9 80 | e =
£ 5 1.5
= = 2 1.2 &
S 60 g 601 o 3
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Fig. 5. TGA of TGDDM and TGDDM nanocomposite con-
taining 10% OLS.

to lower glass transition temperatures (such as low
crosslink density, plasticisation of the epoxy matrix by
the organo-ion and so on) are also likely to lead to
greater degrees of degradation (Fig. 6).

Xie et al. [35] recently reported a detailed investiga-
tion of the non-oxidative thermal degradation chemistry
of quaternary alkylammonium modified montmorillon-
ite. The onset of true organic decomposition (rather
than water desorption which could be observed at lower
temperatures) was found to be 180 °C and the decom-
position process divided into four stages: the desorption
of water and other low molecular weight species (below
180 °C), the decomposition of organic substances (200—
500 °C) the dehydroxylation of the aluminosilicate (500—
700 °C) and the residual organic carbonaceous evolution
at 700-1000 °C. Furthermore, the work suggested a
Hoffmann’s elimination reaction as the mechanism of
the initial thermal degradation.

Temperature [°C]

Fig. 6. Thermogram of the organically rendered layered sili-
cate, Nanocor 1.30E.

The total weight loss of the different materials after
the dynamic temperature scan to 700 °C is also shown in
Table 1. Whilst the total weight loss is not generally in
direct proportion with the amount of clay added, a trend
of reduced weight loss or improved char formation re-
spectively can be observed with organoclay addition.
When comparing the 0% and 10% layered silicate con-
taining systems, the additional weight of the remaining
char is in good correlation to the inorganic content of
the filler given that the organoclay cations are roughly
one third of the clay additive.

4. Conclusions

The water uptake behaviour, a major concern in
glassy high performance epoxy resin systems, was



194 O. Becker et al. | European Polymer Journal 40 (2004) 187-195

investigated. Measurements of the water sorption at a
temperature of 80 °C showed that the equilibrium water
uptake of all nanocomposites was reduced compared to
the neat epoxy system. The concentration of layered
silicate did not correlate proportionally with the reduc-
tion in equilibrium water uptake. The absolute reduction
varied between 0.4% and 0.5% for DGEBA and TGAP
and 0.2% for the TGDDM nanocomposites, whilst the
rate of water diffusion remained unaffected.

The thermal stability of series of nanocomposites was
investigated by means of thermogravimetric analysis in
an inert nitrogen atmosphere. Nanocomposites showed
slight indications of reduced thermal stability, as indi-
cated by a decreased onset in thermal degradation in the
order of 5-10 °C at a clay concentration of 10%. The
final char concentration was increased with increasing
organoclay concentrations. The changes in thermal sta-
bility are of very low significance and it is unlikely that
they would be considered as a drawback to any possible
industrial application. Other work such as by cone cal-
orimetry indicates that significant decreases in heat re-
lease rate occur upon addition of nanoclays [25-27,36],
however it is often necessary to combine the clays with
other additives in order to obtain the required synergies
and flame retardancies desired [37].
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