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Abstract Efforts are being given to the development
of well-dispersed nanoparticle-reinforced polymer
nanocomposites in order to tailor the material proper-
ties. In this perspective, well dispersion of multi-
walled carbon nanotubes (MWCNTS) in unsaturated
polyester resin (UPR) was prepared using pre-dis-
persed MWCNTs in tetrahydrofuran solvent with
ultrasonication method. Then the well-dispersed
MWCNTs reinforced UPR nanocomposites were fab-
ricated through solvent evaporation. Fourier-transform
infrared spectroscopy indicates a good interaction
between matrix and MWCNTs. This along with
homogeneous dispersion of nanotubes in matrix has
been confirmed by the field emission scanning electron
microscopy. At low shear rate, the value of viscosity of
UPR is 8,593 mPas and that of pre-dispersed
MWCNT-UPR suspension is 43,491 mPa s, showing
implicitly a good dispersion of nanotubes. A notable
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improvement in the crystallinity of UPR from 14 to
21 % after MWCNTs inclusion was observed by X-ray
diffractometry. The mechanical properties, such as
tensile strength, tensile modulus, impact strength, and
elongation-at-break, of nanocomposite were found to
be increased to 22, 20, 28, and 87 %, respectively. The
estimated melting enthalpy per gram for composites as
analyzed by differential scanning calorimetry is higher
than that of UPR. The onset temperature of thermal
decomposition in the nanocomposites as monitored by
thermogravimetric analysis is found higher than that of
UPR. Correlations among MWCNTs dispersion,
nucleation, fracture morphology, and various proper-
ties were measured and reported.

Keywords Multiwall carbon nanotubes - Pre-
dispersion - Polyester resin - Solvent evaporation -
Reinforced polymer nanocomposites

Introduction

Unsaturated polyester resins (UPRs) are extensively
used thermosetting resins that have received gradually
increasing application in various sectors. Usually,
liquid UPRs are solidified with crosslinking process
because molecules of polymers or resins are joined
together by curing process that not only raises the
molecular weight of the polymers but also enhances
their mechanical properties and thermal stability
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(Pavlidoua and Papaspyrides 2008; Monti et al. 2011;
Moshiul Alam et al. 2012). Based on the types of
polymers, different kinds of crosslinking processes are
carried out. For instance, crosslinking of polymers can
be done by means of different chemicals, heat,
pressure, and ionizing radiations, such as electron
beam, gamma or X-rays (Kubota 1975; Alam et al.
2011; Shubhra and Alam 2011; Mina et al. 2013). In
all these cases, the structure of polymer is altered
through chemical reactions. The curing of UPR is a
free-radical copolymerization of the polyester and
styrene molecules. The stimulation of free radicals in
UPR occurs by either heat or the presence of a catalyst,
thereby transforming resin from liquid state to cross-
linked solid state through exothermic reactions (Kosar
and Gomzi 2010). The curing is an important process,
because it can improve mechanical properties and
resistance to scratch, heat, chemicals, etc. of the cured
products (Shubhra et al. 2011). However, cross-linked
UPRs have limited structural reliability, and hence
prior to crosslinking reaction, they are often mixed
with reinforcing materials such as natural fibers,
synthetic fibers, nanofillers, mineral fillers, and others
in order to fabricate reinforced composites, which are
being employed in construction, marine, and automo-
tive industries due to their light weight and durability
(Albdiry and Yousif 2013). Successful use of partic-
ulate-reinforced thermoset polyester resin composites
(PCs) has enabled new combinations of mechanical,
electrical, magnetic, optical, chemical, and surface
properties. As a result, they find wide applicability in
the automotive, aerospace, packaging, electronics,
information, pharmaceuticals, biomedical, energy,
sports goods, and personal care sectors, where the
PCs are being used as self-regulating heating ele-
ments, current switching, fluid sensor, thermal con-
troller, capacitors, electromagnetic interference
shielding, radio frequency interference shielding, and
electrostatic dissipation of charges (Genhua et al.
2004; Monti et al. 2011; Zhang et al. 2011; Gojny et al.
2005).

On the other hand, owing to their outstanding
mechanical and electrical properties, low mass
density, and high aspect ratio, carbon nanotubes
(CNTs) have become more attractive substitutes than
conventional macro- and micro-scaled fillers in the
vicinity of polymer composites (Kayatin and Davis
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2009). They are geometrically distinctive due to
their surface structure and area, providing immense
resources of interaction with any continuous phase
and giving rise to a great opportunity to effective
load transfer (Gojny et al. 2004). Besides, a small
amount of CNTs with efficient dispersion in polymer
matrix exhibits abundant enhancement of different
properties (Kota et al. 2007). Any significant
improvement in composite properties is determined
by the degree of CNTs dispersion, interfacial
adhesion of CNTs with the polymer matrix, and
dispersed phase of the composite system (Singh
et al. 2013). Conversely, several phenomena limit
promising application of CNTs in composite tech-
nology. Of these, nanotube morphology and Van der
Waal’s forces between nanotube surfaces restrict
homogeneous dispersion of CNTs in polymer
matrix. The high aspect ratio together with the high
flexibilities of CNTs noticeably increases the possi-
bilities of their entanglements, and the entangled
aggregates are very complicated to separate into
individual nanotube (Breton et al. 2004). The Van
der Waal’s interaction among single-walled CNTs
(SWCNTs) or multi-walled CNTs (MWCNTS) nat-
urally makes them difficult to be separated into
individual nanotube (Sun et al. 2005; Li et al. 2014).
Therefore, different physical and chemical methods
are established for controlling the dispersion of
nanotubes in polymer matrix.

Physical method, like ultrasonication, involves
direct mixing of CNTs using a mechanical force
through application of ultrasound energy. Usually, it is
done in an ultrasonic bath and has adjustable ampli-
tude and power. However, if the sonication action is
too violent and too long, CNTs surfaces can be
severely damaged and nanotubes become amorphous
carbon nanofibers (Lu et al. 1996; Mukhopadhyay
etal. 2002). It has been reported that 1 h sonication has
improved MWCNTs dispersion in epoxy matrix, thus
enhancing thermo-mechanical properties of composite
(Gkikas et al. 2012). This idea has also been consid-
ered in the present research in order to prevent
MWCNTs from damage. Besides, chemical methods
are carried out by action of surfactants, functionaliza-
tion of carbon nanotube, surface modification, and
polymer wrapping technology (Barber et al. 2003;
Kim et al. 2012). Studies related to thermoset
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nanocomposite systems have shown shear mixing
strategies for dispersion of CNTs. These have been
carried out at room temperature with different non-
hydrogen bonding Lewis base solvents to take away
the nanotube surface interaction (Ausman et al. 2000).

Among various CNTs, multi-walled carbon nano-
tubes (MWCNTs) are often incorporated with varie-
ties of polymers as important reinforcements to obtain
superior properties of the resulting materials, as driven
by their unique thermal and electrical conductivities
and robust mechanical modulus (Logakis et al. 2011;
Hemmati et al. 2008; Ritter et al. 2010; Mina et al.
2010, 2014). It is expected that UPRs can have
widespread application as compared to other resins, if
their properties can be enforced by homogeneously
dispersed MWCNTs. However, there have only been
limited investigations on MWCNT-reinforced UPR
composites (Battisti et al. 2009; Seyhan et al. 2007),
where the authors claimed a good dispersion of
nanotubes required to obtain a considerable increase
in material properties. There still poses open questions
about the homogeneous dispersion of MWCNTs in
UPR-based composites. Consequently, this work has
been undertaken to improve the dispersion of
MWCNTs in UPR matrix by means of THF solvent
and suitable sonication. In this article, the effect of
MWCNTs dispersion on structural, surface morpho-
logical, and thermo-mechanical properties of the
resulting nanocomposites as influenced by both THF
solvent and sonication has been reported.

Materials and methods
Materials

Orthophthalic unsaturated polyester resin (Polymal)
was used as received from Luxchem Polymer
Industries Sdn. Bhd., Malaysia. The viscosity of
resin is 700-800 mPa s at 25 °C. Its volatile content
is 30-35 %, and gel time is 8—15 min. Multi-walled
carbon nanotubes (MWCNTs), produced by moving-
bed catalysis technique having diameter <8 nm,
length between 10 and 30 pm, and carbon purity of
95 %, were collected from Timesnano, China.
Tetrahydrofuran (THF) was purchased from Merk,
Germany, and methyl ethyl ketone peroxide
(MEKP) was procured from Sigma Aldrich, USA.

Methods
Composite fabrication

About 0.5 wt% of MWCNTs were mixed in THF
solvent, maintaining the MWCNTs:THF ratio as 1:25.
This suspension was mechanically stirred by a mag-
netic stirrer for 15 min, followed by the sonication in
an ultrasound bath for 1 h. After that, it was mixed
with resin and stirred again for 15 min and subse-
quently sonicated for 2 h. The resi/MWCNTSs sus-
pension was heated at the boiling temperature of THF
(66 °C) for 5 min. The warm suspension was placed in
a cold water bath to cool it at room temperature.
MEKP (1 wt%) was added to this suspension as
initiator for crosslinking and gently stirred for 3 min
and then placed in vacuum to remove the bubbles.
Finally, the bubble-free mixture was poured on the
specimen mold and cured at room temperature. The
nanocomposite of MWCNT and UPR was also
prepared by the same technique as mentioned above
without using THF. Thus, the prepared samples
subjected to various measurements were neat unsat-
urated polyester resin (UPR), MWCNT-reinforced
UPR nanocomposite (MWCNT-UPR), and THF sol-
vent-dispersed MWCNT-reinforced UPR nanocom-
posite (THF-MWCNT-UPR).

Characterization
Viscosity

Viscosity measurement was conducted according to
ASTM D2983 by the Brookfield DV-III ULTRA,
rotary viscometer. In this case, the sample holder
contained 9 ml of sample, while the container was
maintained in a water-jacketed block at room temper-
ature. The cylindrical spindle-31 is then rotated with
different rpm ranges from 0.1 to 5.9, showing an
individual share rate for each rpm, and the viscosity
corresponding to share rate has been recorded in the
unit of mPa s.

X-ray diffractometry
X-ray diffraction (XRD) data were collected using a

Rigaku Mini Flex II, Japan, operated at 30 kV, at
15 mA and equipped with computer software to
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analyze the data. The specimens were step-wise
scanned over the operational range of scattering angle
(20) between 3 and 40°, with a step of 0.02°, using Cu
K, radiation of wavelength 1 = 1.541 A. The data
were recorded in terms of the diffracted X-ray
intensities (/) versus 20. The degree of crystallinity
(x.) was calculated using Eq. 1 (Wen Ling Zhang et al.
2011):

te = e 00 (1)
¢ Ia + Lim ’

where I, and [, are the integrated intensities of
crystal and amorphous parts of the samples,
respectively.

Fourier transformation infrared spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was
carried out to detect the bonding natures in the
composites. The measurements were conducted by a
Nicolet 6700 FTIR spectrometer, Thermo Scientific,
Germany using the standard KBr pellet technique in

the wave number range of 4,000-500 cm ™l

Field emission scanning electron microscopy

Composites’ non-fractured and fractured surfaces
were observed using a (JOEL, JSM-7800F, Japan)
field emission scanning electron microscope. Samples
were mounted on aluminum stubs with a carbon tape
followed by a sputter coating with platinum to make
them conductive prior to the field emission scanning
electron microscopy (FESEM).

Tensile testing of composites

Tensile testing was conducted according to ASTM
638-08, using a Shimadzu (Model: AG-1) Universal
tensile testing machine fitted with a 5 kN load cell and
operated at a cross-head speed of 1 mm/min by
keeping 65 mm gage length. Five samples of each
category were tested for tensile strength (TS), tensile
modulus (TM), and percentage of elongation-at-break
(EB) measurements.

Impact testing

The impact test was carried out according to the EN
ISO 179 by a Ray-Ran Pendulum Charpy Impact
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System. The impact velocity was 3.5 m/s with the
hammer weight of 0.163 kg. Dimensions of the
samples were 80 mm X 8§ mm X 3.5 mm; five repli-
cates were evaluated for each type of samples to obtain
impact strength (IS).

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was per-
formed to determine the thermal transitions in the
material, using a TA/Q1000 apparatus under nitrogen
atmosphere and ramp method. During DSC analysis,
the samples were heated at temperatures in the range
of 30-400 °C with a heating rate of 10 °C min~".

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed by
a TGA Q500 V6.4, Germany in a platinum crucible
under 60 % air and 40 % nitrogen atmosphere with a
heating rate of 10 °C/min. The temperature range was
scanned from 20 to 700 °C.

Result and discussion
Viscosity

Figure 1 shows a plot of viscosity as a function of
shear rate for the suspensions of UPR, MWCNT-
UPR, and THF-MWCNT-UPR. Apparently, the vis-
cosity of the UPR is less dependent on the shear rate,
whereas it changes like a complex fluid for
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Fig. 1 Viscosity as a function of share rate for UPR, MWCNT-
UPR, and THF-MWCNT-UPR
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Fig. 2 FESM micrographs
of non-fractured surface of
i UPR, ii MWCNT-UPR,
and iii THF-MWCNT-UPR

Smooth surface

nanocomposite suspensions, with shear thinning
behavior at low rate. Obviously, the shear viscosity
of nanocomposites decreases with the increasing shear
rate. The low shear rate up to 0.6 s~' is useful to
differentiate the viscosity difference of neat resin and
other suspensions. Both composites’ suspensions
demonstrate higher viscosities than the neat resin at
low shear rate. The THF-MWCNT-UPR reveals a
greater viscosity than MWCNT-UPR at low shear
rate, and the corresponding viscosities are 43,491 and
36,892 mPa s, which circuitously indicate a good
MWCNT-dispersed system or a well compatibility
between resin and nanotubes. Similar results have
been observed for carbon-based nanoparticles dis-
persed in polyester resins, where the authors claimed a
homogeneous dispersion of nanoparticles (Kim et al.
2006). The higher viscosity of THF-MWCNT-UPR
than MWCNT-UPR at low shear rate may indicate
stronger interfacial interactions among MWCNT and
UPR molecules as well as the formation of percolated
structure by the carbon nanotubes. It is reported that
this structure breaks down as the shear rate increases,
resulting in increase viscosities that are similar at high
shear rates for all systems (Mohamed Abdalla et al.
2007). From these results, it is suggested that

Well ispers MCNT

MWCNT is well dispersed in THF solution, and when
this suspension is introduced in UPR to produce THF—
MWCNT-UPR, its UPR molecules are likely to wrap
MWCNTs through uniform distribution and prevent
them from agglomeration, which usually occurs in the
sample MWCNT-UPR.

Surface morphology

Figure 2 illustrates FESEM micrographs of non-frac-
tured surfaces of (i) UPR, (i) MWCNT-UPR, and (iii)
THF-MWCNT-UPR. The surface of UPR is compar-
atively smooth and consists of a plenty of nano-size
lumps along with small cracks. The surface of
MWCNT-UPR contains irregularly dispersed
MWCNTs in UPR matrix with larger openings or voids
and that of THF-MWCNT-UPR comprises homoge-
neously dispersed MWCNTs in UPR matrix showing no
gaps. Agglomeration and homogeneous dispersion are
indicated by circles. The surface of THF-MWCNT-
UPR shows quite well dispersion of nanotubes, whereas
aggregates of MWCNTS are observable in the surface
of MWCNT-UPR. In case of the latter, some local
submicron-size agglomerates exist. The Van der Waals
force among the MWCNTs is basically responsible to
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Fig. 3 Fractured surface
morphologies of i UPR, ii
MWCNT-UPR, and iii
THF-MWCNT-UPR

make the clusters of nanotubes in the matrix of
MWCNT-UPR, resulting in a poor wetting of them.
In contrast, THF-MWCNT-UPR surface exhibits
individual nanotubes being separated and embedded
in the polymer matrix. These results strongly suggest
that by means of solvent mixing, the MWCNTs are to
some extent homogeneously dispersed in UPR matrix,
indicating a good distribution of the nanotubes. The
most striking observation found for nanocomposites is
that huge cracks are not developed in the polymer-filler
system, and the MWCNTSs are stick to the polymer
surface. The dispersion of MWCNTSs seen in the
micrographs are thus in agreement with the results of
good wettability, as also detected by viscosity
measurements.

The fracture morphologies of (i) UPR, (ii)
MWCNT-UPR, and (iii) THF-MWCNT-UPR are
displayed in Fig. 3. Cracks and agglomeration have
been marked by arrows and a dotted rectangle. A large
fracture is found on the surface of UPR, whereas small
crack propagation regions and agglomeration are
noticed on the surface of MWCNT-UPR. No visible
fractures are seen in the matrix of THF-MWCNT-
UPR. Several bright tips of MWCNTSs remain in the
matrix, and some of the nanotubes are traced to be

@ Springer

Fracture tips

Pull out

pulled out during stretching. These results also support
a better adhesion between MWCNTs and UPR
molecules. Thus, the THF solvent along with sonica-
tion reveals a good avenue of making fine dispersion
of MWCNTs in resin matrix. Not only that but also the
increased interfacial area of nanotubes in composites
can lead to the change of segmental morphology and
influence the mechanical properties of nanocomposite,
as reported elsewhere (Kim et al. 2006; Desai and
Haque 2005).

XRD structural analysis

Figure 4 represents the XRD profiles of different
samples. The MWCNTs contain a broad peak at the
scattering angle of 20 = 26.1°, which can be indexed
by (002) planes of the graphitized MWCNTs (Wang
et al. 2005). Another peak for MWCNTSs seems to
appear at lower angle less than 26 = 3°, which is
probably the small angle scattering from all nanotubes
or bundles of nanotubes adhered each to other,
revealing information on the average size and distri-
bution of MWCNTSs in the UPR matrix.

On the other hand, polyester resin shows a broad
peak at 20 = 20.2° that corresponds to its partial
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Fig. 4 XRD patterns of MWCNTs, UPR, MWCNT-UPR, and
THF-MWCNT-UPR

crystalline and high amorphous natures, because the
shape of the peak is neither so diffused as that shown
by an amorphous sample nor so sharp as that revealed
by a crystal. The average lattice spacing estimated
from the peak is about 4.39 A. When 0.5 wt%
MWCNTs is introduced in UPR, the peak position is
shifted to a lower scattering angle of 19.6°, which
reveals a lattice constant of 4.53 A. This increase in
lattice parameter may be attributed to the intercalation
of nanoparticles into the matrix, providing a lattice
distortion in UPR crystals. From these results, it can be
inferred that the MWCNTs are distributed well in resin
matrix, leading to an increase in the interfacial
adhesion among filler and matrix, which is consistent
with the previously reported result for carbon black
reinforced epoxy/resin (Abdel-Aal et al. 2008). More-
over, a slight decrease in peak width and increase in
peak intensity for nanocomposites is also observed.
The estimated degrees of crystallinity, y., for virgin
UPR, MWCNT-UPR, and THF-MWCNT-UPR are
14,17, and 21 %, respectively. The observed decrease
in peak width indicates that the size of the UPR
crystallite increases and more population of UPR
molecules take part in crystallization due to the
presence of MWCNTs.

FTIR analysis
The FTIR spectra of MWCNT, UPR, MWCNT-UPR,

and THF-MWCNT-UPR are demonstrated in Fig. 5.
The spectrum of MWCNTSs has been characterized in

THF-MWCNT-UPR

MWCNT-UPR

Transmittance (a.u.)

M Mn A MWCNT

3800 3300 2800 2300 1800 1300 800

Wavenumber (cm™)

Fig. 5 FTIR spectra of different samples

details elsewhere (Stobinski et al. 2010). The appear-
ance of a peak near 3,190 cm™ ' shows the presence of
various hydroxyl moieties on the carbon surface.
There are some peaks in the range of 1,300-950 cm_l,
which may be due to the presence of some oxygen- and
hydrogen-based groups as well as amorphous hydro-
carbons in the supplied MWCNT, whose structural
information may also exist in the spectrum. On the
other hand, in the spectrum of UPR, two absorption
bands, as mentioned by dotted circle, appear at 1,145
and 1,075 cm ™! of which the latter is attributed to C—
O stretching vibrations (Mohamed Abdalla et al.
2007). The peaks that appear at 1,286 cm™' may be
assigned to CH, twisting, 1,381 cm™! to CH; sym-
metrical bending, 1,640 cm™! to aromatic ring stretch-
ing, and 1,728 cm~ o C=0 stretching vibrations. The
bands in the range of 2,900-3,100 cm ™' correspond to
stretching vibrations of C—H groups, such as CH, and
CH;. The ester bonds (C—O-C) usually appear at
1,250 cm™ ", which is seemingly overlapped with the
intense peak at 1,265 cm™'. These results prove that
UPR molecules bind together through chemical bond,
especially ester bond.

Upon crosslinking between UPR molecules and
interaction with MWCNTs, the most significant
changes occur in the range of 1,800-950 cm™', as
shown by dotted rectangle. Of these, the bands in the
range of 1,700-1,200 cm™" are usually assigned to
vibrations of C=0, C-0O, C-O—-C, and C=C bonds in
different environments (carboxylic acid, aromatic and
unsaturated structural bonds, etc.). It is observed that
the carbonyl (C=0) stretching band of UPR at
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1,724 cm™" has been shifted to a lower frequency of
1,699 cm~! for MWCNT-UPR and 1,691 cm™! for
THF-MWCNT-UPR. This shift is perhaps due to the
noticeable interaction between CNT and UPR through
the electron cloud of ester groups and MWCNTs.
Moreover, hydrogen bond formation between
MWCNTs and UPR is evident, because the OH
stretching frequency at 3,477 cm ™' for UPR is shifted
to the low-frequency side: to 3,456 cm™' for
MWCNT-UPR and 3,454 cm ™" for THE-MWCNT-
UPR. Probable bondings among MWCNTs and UPR
molecules are represented by the Schemes 1 and 2 as
shown in Fig. 6 in which Scheme 1 indicates the
crosslinking between UPR molecules, and Scheme 2
shows that between MWCNT and UPR molecule.

Mechanical properties

Figure 7 exemplifies the stress—strain variations of the
samples, showing the typical stress—strain curves that
contain (i) toe, (ii) elastic, (iii) plastic, and (iv) fracture
regions (Julkunen et al. 2009). The results indicate that
both the values of breaking stress and breaking strain
for nanocomposites are higher than those for UPR.
Thus, the presence of MWCNTs in UPR not only
enhances the mechanical strength but also makes the
plastic deformation easy in the nanocomposites.

The plots for TS, TM, IS, and EB for different
samples are shown in Fig. 8a and b. The values of TS,
™, IS, and EB % for UPR are 28.72 MPa,
1.247 GMPa, 3.58 KJ/mz, and 4.6 %, and those for
MWCNT-UPR are 31.51 MPa, 1.397 GPa, 4 KJ/m®,
and 6.12 %, respectively. Thus, the TS, TM, IS, and
EB % increase by an amount of 9.7, 12, 17, and 33 %
after loading MWCNTs, respectively. On the other
hand, the TS, TM, IS, and EB % values of THF-
MWCNT-UPR are 35.13 MPa, 1.5 GPa, 4.6 KJ/m?,
and 8.63 %, respectively. Therefore, the increases in
TS, ™M, IS, and EB % of THF-MWCNT-UPR from
neat resin are 22.30, 20.30, 28.50, and 87.60 %,
respectively. These results clearly demonstrate a good
reinforcement effect of a small amount of MWCNTs
on mechanical properties of the nanocomposites. The
increases in TS, TM, IS, and EB % of THF-
MWCNT-UPR from MWCNT-UPR are 11.5, 7, 9,
and 41 %, respectively.

The increases in mechanical properties of THF-
MWCNT-UPR are the results of solvent dispersion of
MWCNTs and their good adhesion in the matrix,
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Fig. 6 Schematics for crosslinking between UPR molecules
(Scheme 1) and between MWCNT and UPR molecule
(Scheme 2)

which can be explicable using the following Neilson
model (Nielson 1974):

AQ _ 1 Tsnanocomp (2)

(1—¢})  TSux
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different samples

where Aq accounts for the adhesion quality between
polymerfiller interface; TSpanocomp and TSy, denote
the tensile strength of the nanocomposite and the resin
matrix, respectively; and ¢ represents the weight

fraction of the nanofiller. The calculated values of Ag
are 2.96 for MWCNT-UPR and 3.30 for THF-
MWCNT-UPR. The improved mechanical properties
of the THF-MWCNT-UPR over MWCNT-UPR and
UPR are not only due to the good dispersion and
adhesion of MWCNTs in the resin matrix as
demonstrated by viscosity and FESEM, but also to
the chemical bond formation between MWCNTs and
UPR molecule, as verified by FTIR. A minor effect
of crystallization in UPR in the presence of the
nano-nucleating agent also renders the improving
mechanical performances. When the dispersion has
been made in the absence of THF, the MWCNTSs
undergo partial agglomeration, which limits the
efficiency of reinforcement. Such a phenomenon
was disclosed in other report (Wang et al. 2012).
Clearly, agglomeration of MWCNTSs narrows their
active interfacial area and restricts their perfor-
mance. In the present study, sonication in the
presence of THF reduces the MWCNTSs agglomer-
ation. Indeed, the extraction of individual nanotube
from MWCNTs bundles paves the way of affording
both large surface area and strong interfacial inter-
actions between the polymer and nanofiller interface,
as declared elsewhere (Wang et al. 2012). These
inherent advantages lead to efficient stress transfer
between the MWCNTs and the UPR, thereby giving
rise to enhanced mechanical performances. More-
over, higher elongations of nanocomposites indicate
that MWCNTs are complimentary to more plastic
deformation in the nanocomposites.

Thermal analysis

Figure 9 depicts the DSC thermograms of
(i) MWCNTs, (ii) UPR (iii) MWCNT-UPR, and (iv)
THF-MWCNT-UPR. The endothermic peak at the
lower temperature region around 60-65 °C for all
samples under investigation is ascribed to the glass
transition temperature (7,), allowing information of
thermal translations of polymer chain molecules.
Furthermore, the endothermic transition around
366-382 °C is related to the degradation temperature
(T4) of UPR. Instead of one endothermic peak as
shown by UPR matrix, both nanocomposites exhibit a
split melting endotherm into two peaks (T4; and Tg»,).
The presence of double-degradation peaks for the
nanocomposites may indicate the bond formation
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Fig. 9 DSC thermograms of i MWCNTs, ii UPR, iii MWCNT-
UPR, and iv THF-MWCNT-UPR

between MWCNT and UPR. The sharp peak at Ty, is a
precursor to indentify the binding energy among
nanotubes and UPR molecules. The calculated decom-
position enthalpies AH per gm for UPR, MWCNTs-
UPR, and THF-MWCNTs-UPR are 0.56, 0.64, and
0.81 J, which indicate the bond formation between
UPR molecules and MWCNTSs. Since AH per gm for
UPR and MWCNTSs-UPR is smaller than AH per gm
for THF-MWCNTs-UPR, the number of bonds in the
later on is greater, possibly because of the well-
dispersed nanotubes. From the appearance of T4, peak
and in accordance with the results of FTIR, the
formation of ester bond between MWCNT and UPR
molecule is assumed to be developed, as shown in
Scheme 2.

Evidently, the T, value is slightly affected as much
as the samples are concerned, and this trivial influence
can be explained by the plasticization effect in the
presence of nanofillers or lower degree of curing as
well as inhomogeneous dispersion of MWCNTs.
THF-MWCNT-UPR leads to the highest value of 7,
among the samples investigated. Due to well disper-
sion of MWCNTs in THF-MWCNT-UPR, the nano-
crystalline regions in matrix relatively become well-
ordered as well as enhance the degree of curing, which
restrict the resin chain mobility in the surrounding area
of MWCNTs (Allaoui and EI Bounia 2009; Seymour
and Cooper 1973). Taking into account of the partial
crystallinity in UPR matrix, some nucleating effect
provided by the dispersed MWCNTs is to be

@ Springer

considered. The diffused XRD peaks of UPR, after
MWCNTs inclusion, confirm the increase in crystal-
linity behavior of its matrix. In the presence of
MWCNT nanofillers, a localized crystallization within
nano-range takes place in the host matrix. Such a
crystallization and enhancement in crystallinity in
UPR by introducing carbon black have been enunci-
ated in a very recently published article (Alam et al.
2014). Interestingly, while THF is used, a better
dispersion of MWCNTSs occurs in the nanocomposites.
This in effect reduces the nucleation size to an
individual MWCNT from their bundles or
agglomerations.

TGA and DTG curves of UPR, MWCNT-UPR,
and THF-MWCNT-UPR are demonstrated in
Fig. 10. A multi-stage decomposition behavior of
the materials is reflected in the results. The decom-
position stages are, for example, (i) the release of

a
( )100 _ ——UPR
\\\\\ ~_ -~~~ MWCNT-UPR
80 N\ THF-MWCNT-UPR
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3

40F
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1 L 1 1 1 —
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Fig. 10 The thermograms of a TGA and b DTG for various
samples
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volatile components, (ii) absorbed water (if any)
from sample, (iii) the “onset” of degradation of
molecules in the sample, and (iv) the presence of
residual char (Moshiul Alam et al. 2012). In this
study, thermal degradation of UPR takes place in
four steps in which the onset of weight loss takes
place at about 313 °C and finishes at 446 °C. On the
other hand, this degradation in composites starts at
relatively higher temperature than that found in neat
resin. The TGA traces of both resin and nanocom-
posites seem to fall at 150 °C, indicating the
emission of volatile components such as unreacted
styrene, residual solvents, and uncross-linked poly-
ester resin (Xia Cao and Lee 2003; Troitzsch 1990).
Moreover, the TGA sharp-fall, which occurs at
331 °C for MWCNT-UPR and THF-MWCNT-
UPR composites, looks different from the UPR,
showing a three-step process in the temperature
ranges of 299-425, 425-489, and 489-542 °C.
These may be connected to the decomposition
behavior of cross-linked resin composites. The
degradation of cross-linked resin has been ascribed
by the dissociation of C—C chain bonds and release
of styrene at the site of dissociation (Mohamed
Abdalla et al. 2007; Manfredi et al. 2006).

The peaks for various degradations in the samples
are obtained from the DTG curves, as shown in
Fig. 10b. Broad first-stage degradation occurs in all
samples at 205 °C. At this temperature, the primary
decomposition products were unreacted styrene and
polyester resin (Mohamed Abdalla et al. 2007). The
second-stage decomposition is seen in the range of
300450 °C through split peaks at 380 °C for the
samples. In this temperature region, the decomposi-
tions for MWCNT-UPR and THF-MWCNT-UPR
are dissimilar to that for UPR. This is probably due to
the bond formation between MWCNT and UPR, as
revealed by FTIR. The corresponding decomposition
temperature for nanocomposites is evaluated to
increase by about 10 °C. This fact is suggested to be
due to either by the bond formation or by the barrier
effect of rigid MWCNTs, which strictly hindrance the
thermal motion of the cross-linked chain segments in
composites. However, the T4 values obtained by two
measurements such as DSC and TGA are in close
agreement. The residue content at 600 °C shows a
significant difference between the UPR and nanocom-
posites, perhaps due to the MWCNT loading in resin
(Abdel-Aal et al. 2008).

Conclusions

Among three different samples, such as UPR,
MWCNT-UPR, and THF-MWCNT-UPR, the latter
two were prepared by loading nanofiller through non-
solvent and solvent dispersion with sonication meth-
ods, respectively. The dispersion and interaction of
MWCNTs and matrix have been investigated by
means of viscosity analysis, FTIR spectroscopy, and
FESEM observation. The nano-suspension of THF-
MWCNT-UPR exhibits the highest viscosity as
compared to MWCNT-UPR and UPR at lower shear
rate. The FTIR spectra of THF-MWCNT-UPR have
provided evidence of more covalent interaction (ester
bond) among UPR molecules and MWCNTSs than
MWCNT-UPR. The THF-MWCNT-UPR shows
mechanical properties superior to other samples, due
to well dispersion of MWCNT in matrix by solvent
method. The FESEM analysis has confirmed an
increased interaction between UPR and MWCNTs.
The partial crystalline structure of UPR has been
revealed by XRD, which shows more crystallinity in
nanocomposites than UPR. DSC and TGA analyses
exhibit covalent bond formation and an increased
thermal degradation temperature for THF-MWCNT-
UPR as compared to other two samples. In this work,
almost homogeneous dispersion of CNTs in UPR
matrix is achieved by THF solvent.
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