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ABSTRACT: The influence of nanomaterials such as
Multi-Walled Carbon NanoTubes (MWNT) and organoclay
(Cloisite 30B) on the physical and mechanical properties of
thermoset matrix such as Unsaturated Polyester (UP) resins
is investigated. Although styrene containing UP resins have
a wide spread application in industry, lack of information
exists regarding the behavior of MWNT/organoclay/poly-
ester ternary nanocomposite systems. The main aim of this
research was first to evaluate the effect of nanofiller on the
flammability of UP resins and, second, to characterize their
mechanical properties such as toughness and their tensile
strength. The rheological studies showed shear thinning for
samples of UP resins containing MWNT and Cloisite 30B.

The cone calorimetry measurement was used to evaluate
the flame-retardency, the gas emission of the nanocompo-
site and whether or not this system can be designated as a
nanocomposite. This was understood in the test by the peak
heat release rate being lowered and shifted to shorter times.
Furthermore, the tensile and impact properties of samples
were evaluated. The obtained results indicated that nanofil-
ler particles caused both increase and decrease in the
impact and tensile strength. © 2011 Wiley Periodicals, Inc. |
Appl Polym Sci 124: 1154-1159, 2012
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INTRODUCTION

The unsaturated polyester (UP) resins are widely
used in composite industry because of their low
price, ease of processing, and good chemical resist-
ance. The UP based materials have been used in
many applications including automotive, construc-
tion, transportation, storage tanks and piping. Their
poor impact properties and high flammability are the
most important disadvantages of cured resins which
limit their applications. Ordinary flame-retardents
such as aluminum or tin compounds must be used in
large amounts (>30 wt %) to render the resins flame-
retardent. The amount of additive may increase the
viscosity of the resin in such a way that limits the
processability of the filled resin in applications such
as the Resin Transfer Molding (RTM)." These com-
pounds will also affect the mechanical properties and
make the resin more brittle after curing. To overcome
these problems, scientists have recently focused on
nanofillers such as MWNT and nanoclay. Nanoclays
exhibit some superior properties when compared
with their microsized or macrosized counterparts.
MWNT exhibits higher aspect ratio as well as me-
chanical, thermal, and electrical properties when
compared with nanoclays, which make them prime
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candidates as reinforcing constituents in various poly-
mers for the production of nanocomposites. A work
conducted by Nazare et al.* and Beyer® showed that
incorporating nanoclays results in a fair flame-retar-
dency in the UP resins. Another group has reported
that the ethylene-vinyl acetate (EVA)-based nanocom-
posites using organoclay and carbon nanotubes have
shown an improvement in flame-retardency and a
lower toxic smokes emission.® Peeterbroeck et al.”
have incorporated various types of MWNT into EVA
copolymers by melt blending and showed that they
have strong influence on the fire-retardency of nano-
composites. In another study, Liqun Ju et al. and Sey-
han found that nanoclay increases impact strength
and decreases tensile strength but MWNT led to an
improvement in tensile strength.®” Elsewhere, Beyer'’
reported that the simultaneous use of nanoclay and
MWNT improves the flame-retardency of poly vinyl
acetate (PVA) up to 150 percent more than that of the
pristine polymer. To our knowledge, there is no or lit-
tle study on the simultaneous use of organoclays and
multi-walled carbon nanotubes in the UP based nano-
composites. In this work, the effect of MWNT and
organoclay mixture on the rheological behavior, me-
chanical properties, and, specially, the flame-retar-
dency of UP resins will be investigated.

EXPERIMENTAL

To prepare MWNT (supplied by Carbon21™)/orga-
noclay/polyester nanocomposites, our approach was
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TABLE I
Composition of Samples

Unsaturated Organoclay MWCNT MEKP Co

Sample  polyester (phr) (phr) (phr)  (phr)
CLP1 100 5 - 3 0.2
CCP2 100 5 0.2 3 0.2
CCP4 100 5 0.4 3 0.2

to mix nanoclay (Cloisite30B from the Southern
Clay™) and polyester (RTM1000 supplied by Resi-
tan Co.) for ca. 5 h using a stirrer rotating at a speed
of 1200 rpm at room temperature. The ultrasonic
agitation was used to further boost the organoclay/
resin dispersion. The ultrasonic agitation was carried
out at 40°C for 3 h. Finally, the MWNT was added
to the organoclay/polyester mixture. The prepared
liquid samples were cured at room temperature
using some peroxide such as methyl ethyl ketone
peroxide (MEKP) (50% solution supplied by Iran
Peroxide) and Cobalt Naphtanate (1% solution sup-
plied by Merck) as accelerator. The cured samples
were kept at room temperature for 2 days and post-
cured at 90°C for 6 h. The tensile and impact meas-
urements were performed using ASTM D638 and
ASTM D256 standards, respectively. To investigate
the rheological properties of samples at room tem-
perature a modular compact rheometer (MCR300)
from Physica Anton Paar (Stuttgart, Germany) was
used. The cone calorimetry measurement (according
to 1SO5660-1:2002 using dual core FIT Cone Calo-
rimeter apparatus, England) was carried out to eval-
uate the flame-retardency of the sample and to see if
the sample can be regarded as nanocomposite. The
compositions of samples are listed in Table L

RESULTS AND DISCUSSION

Figure 1 shows the viscosity as a function of shear
rate for the raw UP resin and the UP filled with 5
parts per hundred resins (phr) of nanoclay and
0.2-0.4 phr MWNT in the solution state (without
any curing agent). The viscosity of samples contain-
ing both MWNT and nanoclay was significantly
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Figure 1 Viscosity of UP and UP with MWNT and clay
as a function of shear rate.

higher than the pure UP resin. Also, shear thinning
behavior was observed for the nanofilled samples,
that is, the viscosity is reduced with increasing shear
rate. This non-Newtonian behavior should be due to
the compatibility and interaction of nanofillers, for
example, MWNT and nanoclay with polyester. On
one hand, the high aspect ratio of carbon nanotubes
and the orientation interaction between MWNT and
polymer at higher shear rates reduces the viscosity of
filled UP system and creates shear thinning behavior.
On the other hand, slippage of polymer chains
between silicate layers of nanoclay at high shear rates
is another reason for shear thinning. The viscosity of
samples at shear rate of ca. 10 s~' was almost the
same as that of the raw UP resin. It is very important
in a process such as RTM, where a low viscosity resin
is reqiuired for the uniform filling of the mold cav-
ity.'">'! The filler incorporation may cause an increase
in viscosity, making it harder for the resin to penetrate
into the porous mat. Should a shear thinning resin is
designed to show appropriate shear thinning when
required and sustain a high viscosity upon the cessa-
tion of flow, it would be our goal in this regard.

The X-Ray Diffraction (XRD) pattern of UP/clay
hybrid (this sample introduced in Table I as CLP1) is
given in Figure 2. The characteristic XRD peak of pure
Cloisite30B is observed at 5.1°. For the UP/Cloisi-
te30B, this peak was shifted to 2.21°, andebased on
Bragg’s law, d-spacing increases to ca. 43 A suggest-
ing an ordered intercalation of the polymer chains
into the organoclay layers. On the other hand, the
presence of a small secondary peak in ca. 4.85° means
that the nanoclay is dispersed in UP matrix via fully
intercalated structure but it did not lose its ordered
platelet structure via dispersion or exfoliation. To
reach appropriate mechanical properties in nanocom-
posites, a fully intercalated structure is desired since
the complete dispersion or exfoliation of clay in ther-
moset resin matrix significantly decreases the cross-
link density (CLD) of resin and leads to poor mechan-
ical properties of final nanocomposite.

The transmission electron microscopy (TEM)
micrographs of sample containing 5 phr organoclay
and 0.4 phr MWNT are shown in Figure 3. As is

500 4 5.1

Cloisite 30B

Intensity
w oA
(=3 (=3
(=] (=]

[
=4
=]

=
=]

(=3

2-TETA

Figure 2 XRD patterns of UP and nanofilled samples.
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Figure 3 TEM micrographs of sample containing 5 phr organoclay and 0.4 phr MWNT: (a) dispersion of MWNT, (b) dis-
persion of MWNT, (c) silicate layers of organoclay, and (d) dispersion of nanofillers.

seen in Figure 3(a,b), MWNT exhibits good disper-
sion in the UP without any critical agglomeration. As
can be seen in Figure 3(c), the organoclay layers did
not lose their ordered platelet structure supporting
the XRD results. Overall, it can be inferred from both
the XRD and TEM micrographs that some nanostruc-
tures were formed in the prepared samples.

As shown in Figure 4, the tensile strength of sam-
ples is smaller than the neat UP resin. This response
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Figure 4 Ultimate tensile strength of raw UP and
UP/MWNT/clay samples.

Journal of Applied Polymer Science DOI 10.1002/app

is characteristic of the systems reinforced with the
stiff materials and is particularly noticeable for the
intercalated nanocomposites of a thermoset matrix.
This is due to the chemistry and reduction of cross-
link density of the matrix by formation of interca-
lated structure.® On the other hand, the higher
surface area of the carbon nanotubes and good dis-
persion of MWNT in matrix pronounce a covalent
bonding and may result in a better load transfer
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Figure 5 Impact test results for raw UP and UP/MWNT/clay
samples.
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Figure 6 Heat release rate of UP and UP/MWNT/clay
samples.

efficiency at the interface region leading to an
improvement in tensile strength. Because of the
lower level of MWNT when compared with that of
organoclay in the system, it is impossible to observe
the tensile strength of nanocomposite in a range
comparable to the values of raw UP resins.”

An stretched MWNT has a crucial role in the ten-
sile strength value of the system. Although there is a
lower level of MWNT when compared with that of
organoclay, there would be a lack of improvement
in total tensile strength of the nanocomposite when
compared with the values of raw UP resins. How-
ever, because of the higher level of MWNT in CCP4,
the ultimate tensile strength of this sample was sig-
nificantly larger than CCP2.

The impact results showed in Figure 5 demon-
strate a favorable toughness improvement of the
brittle UP resin by adding a small amount of nano-
filler. The toughening mechanism in this system is
the creation of a new surface as the primary mecha-
nism. Another factor that affects the fracture tough-
ness is the polymer-silicate and polymer-MWNT
interfaces where the failure mechanisms were
located mainly at this point. Thus, a route to
improve the toughness of these materials is through
strengthening the bonding between the polymer-sili-
cate and polymer-MWNT surface.®
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Figure 7 THR rate of UP and UP/MWNT/clay samples.

Cone calorimetry

To understand the flammability and thermal stabil-
ity of nanocomposites, the cone calorimetry tech-
nique was implemented. This test was run at a heat
flux of 50 kW/m?2 Under this condition, the UP
resin ignited after 46 s reaching a peak heat release
rate (PHRR) of 622.521 kW /m? and burnt for 1078 s.
As shown in Figure 6, the PHRR of UP containing
nanofiller was shifted to a lower value and the burn-
ing process took longer time to complete. It is a sign
of good dispersion of MWNT and organoclay in the
UP matrix and the formation of nanostructure in the
system  which results in a flame-retardant
nanocomposite.

The flame-retardency is understood to be due to
the formation of a barrier layer (char) by MWNT
and clay at the samples of surface. When the sample
containing MWNT and clay are exposed to fire or
heat flux, at an early stage, MWNT would move to
the surface of samples and make the primary insu-
lating layer. It is due to the shape and size of
MWNT allowing those to migrate to the surface of
material and form initial insulating layer faster than
systems containing only organoclay. At a later stage,
silicate layers of organocrelay also move to the sur-
face and form the main heat insulating layer in con-
junction with MWNT. An important factor that is

-

Figure 8 Images of samples before cone calorimetry test.
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Figure 9 Images of samples after cone calorimetry test.

effective in the migration of organoclay silicate
layers is the intercalated structure. In the interca-
lated structure, the silicate layers of organoclay were
less captive between the UP chains when compared
with that in the exfoliated structure. In which case,
they could migrate more easily to the surface. There-
fore, the nanofillers provide a barrier to both mass
and energy transport and make the samples flame-
retardant.

The Total Heat Release (THR) of the raw UP and
the UP with MWNT and clay is shown in Figure 7.
It is clear that the THR of nanofilled samples is
lower than that of raw UP resin. As mentioned
above, the insulating barrier layer is the main reason
for reduction in the THR. The lower THR values of
sample indicate that it has a little tendency to spread
the fire and burning the surrounding objects.*

The images of the raw UP and the samples con-
taining nanofillers before and after the cone calorim-
etry measurement are shown in Figures 8 and 9. As
one can see, the nanocomposite samples have more
burning residue than the residue observed for the
raw UP. More char formation of samples is due to
the barrier effect of nanofillers. It is in agreement
with the previous results.
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Figure 10 CO content of UP and UP/MWNT/clay
samples.
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Another important factor in the burning process is
CO and CO, content. The cone calorimetry results
indicate that CO and CO, smoke values of nanofilled
UP resins are much lower when compared with the
raw UP resin as shown in Figures 10 and 11. The
reduction in these values is considered to be due to
the formation of a protective layer by nanofillers. It
reduces the required fuel for burning and, as a result,
the emissions of burning samples were significantly
reduced when compared with the raw UP.'"'?

CONCLUSIONS

The nanocomposites containing MWNT, organoclay,
and UP resin showed shear thinning behavior. The
nanofillers interact with the polymer resin leading to
the formation of a stable microstructure. The XRD
and TEM results indicate the formation of an interca-
lated structure for organoclay and fine dispersion of
MWNT in the UP resin. Furthermore, the mechanical
properties measurements reveal that the simultane-
ous use of organoclay and MWNT causes a decrease
in the tensile strength but, on the other hand,
improves the toughness of the UP resin. Based on the
cone calorimetry technique, the flammability of the

0.6
0.5 1 P Raw Polyester
i — -CCP2
o 0.4 - Jt
% £ —CCP4
=
2
=
=
<
o
=}
o
0

0 200 400 600 800 1000 1200

Time (s)
Figure 11 CO, content of UP and UP/MWNT/clay

samples.
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UP resin filled with nanofillers is decreased. It sup- 4
ports the formation of nanostructure in the system.

Funding for this research project from IDRO (Industrial De- 6.
velopment and Renovation Organization of Iran) through
the SBDC programme is gratefully acknowledged. Authors
also thank IBB (Institute for Biophysics and Biochemistry of
UT) for undertaking their TEM.

1159

Nazare, S.; Kandola, B. K.; Horrocks, A. R. Polym Adv Tech-
nol 2006, 17, 294.

. Beyer, G. Polym Adv Technol 2006, 17, 218.

Bourbigot, S.; Duquesne, S.; Jama, C. Macromol Symp 2006,
233, 180.

. Peeterbroeck, S.; Laoutid, F.; Swoboda, B.; Lopez-Cuesta, J.;

Moreau, N.; Nagy, J. J.; Alexandre, M.; Dubois, P. Macromol
Rapid Commun 2007, 28, 260.

. Xu, L;; Lee, L. J. Polym Eng Sci 2005, 45, 496.

9. Seyhan, A. T.; Gojny, F. H.; Tanoglu, M.; Schulte, K. Eur

References

1. Shih, Y. F,; Wang, Y. T.; Jeng, R. J.; Wei, K. M. Polym Degrad "
Stabil 2004, 86, 339. 11.

2. Atkinson, P. A.; Haines, P. J.; Skinner, G. A. Thermochim Acta
2000, 360, 29.

3. Sato, H.; Kondo, K.; Tsuge. S.; Ohtani, H.; Sato, N. Polym 12.
Degrad Stabil 1998, 62, 41.

Polym ] 2007, 43, 374.
Beyer, G. Fire Mater 2002, 26, 291.

Kaffashi, B.; Honarvar, F. M.; Rafiee, R. Presented at the 9th
International seminar on Polymer Science and Technology,
Tehran, Iran, 2009.

Wilkie, C. A.; Morgan, B. A. Flame Retardant Polymer Nano-
composite; John Wiley & Sons: New Jersey, 2007.

Journal of Applied Polymer Science DOI 10.1002/app



