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There is a growing interest in the incorporation of nanopar-
ticles into polymers to improve various functional proper-
ties (such as mechanical, thermal, optical, magnetic, and
electrical properties). However, the ultimate properties of
nanocomposites are affected by a large number of factors
including the microstructural distributions that are gen-
erated during nanocomposite processing. While significant
work has been done on preparation and properties of
polymer nanocomposites, the interrelationship between pro-
cessing, morphology, and functional properties of nanocom-
posites is complex and needs further elucidation. Further-
more, the effective utilization of nanoparticles in polymers
depends strongly on the ability to disperse the nanoparticles
uniformly throughout the polymeric matrices especially
without reducing their aspect ratios. An understanding
of the relationship between processing, morphology, and
functional properties of nanocomposites will be very helpful
in optimizing the overall properties of nanocomposites as
well as improving the models for predicting the properties
of nanocomposite systems. Such knowledge will facilitate the
generation and optimization of polymeric nanocomposites
with better tailored ultimate properties.

Considering the challenges in the area of development
of adequate methods of processing for nanocomposites, we
invited research articles to this special issue with a special
focus on the interrelationships between polymer nanocom-
posite processing, characterization, and novel applications.
This special issue with a total of seven papers covers a wide
range of areas related to covalent functionalization of carbon
nanotubes (CNTs) with polyurethane segments to improve

the dispersion and mechanical properties; silanization of
CNTs to improve interaction at the interface to allow better
load transfer between matrix and nanoparticles; rheological
characterization of nanoclay dispersions in nanocomposites
prepared via different processing methods such as sonication,
manual mixing, or high shear mixing; electrospinning
to produce nanofibrous resonant membranes for acous-
tic applications; superhydrophobic membranes prepared
via electrospinning from fluorinated silane-functionalized
pullulan/poly(vinyl alcohol) blends; electrical properties of
doped nematic liquid crystals; and finally, the preparation of
polymer nanocomposites with graphite and nickel nanopar-
ticles for potential applications in positive temperature
coefficient of resistance devices, self-regulating heater, and
temperature sensors.

It is hoped that this special issue will help readers with
a wide range of backgrounds to understand the impact of
various processing methods as well as nanoparticles on the
nanocomposite properties and applications.
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We incorporated hydroxyl groups into the polyurethane backbone and then used the “grafting to” approach to functionalize
the multiwalled carbon nanotubes (MWNTs) via the esterification reaction between MWNTs and segmented polyurethanes
(PUs). X-ray photoelectron spectroscopy (XPS) spectra showed that the sidewalls of MWNTs had been functionalized with
acid treatment, and the amount of COOH increased with increasing acid treatment time. FTIR spectra further confirmed that
PU was covalently attached to the sidewalls of MWNTs. The functionalized acid amount and the grafted PU amount were
determined by thermogravimetric analyses (TGAs). Comparative studies based on SEM images of the PU-functionalized and
chemically defunctionalized MWNT samples also revealed the covalent coating character. Dynamic mechanical analysis (DMA) of
nanocomposite films prepared from PU and PU-functionalized MWNTs showed enhanced mechanical properties and increased
soft segment Tg . Tensile properties indicated that PU-functionalized MWNTs were effective reinforcing fillers for the polyurethane
matrix.

1. Introduction

In recent decades, polymer-carbon nanotube composite ma-
terials have attracted much attention for their potential ap-
plications in unique lightweight materials with distinctly su-
perior mechanical, thermal, and electronic properties [1–4].
This can be attributed to the fascinating electronic, thermal,
and mechanical properties of carbon nanotubes (CNTs) [5,
6]. With extremely high mechanical strength and chemical
stability, CNTs represent attractive possibilities for develop-
ing ultrastrong composite materials [7, 8]. The effective util-
ization of CNTs in nanocomposite applications depends
strongly on the ability to disperse the CNTs homogeneously
throughout a matrix without destroying the integrity of the
CNTs. The CNTs can offer a kind of nanosize reinforcement
with a light weight, a hollow-core immerse aspect ratio,
and an exceptionally high axial strength. Hence, significant

efforts have been made in the fabrication of these nano-
composites by dispersing either single-walled (SWNT) or
multiple-walled (MWNT) carbon nanotubes into various
polymer matrices.

However, the manipulation and processing of CNTs have
been limited by their insolubility in most common solvents
[9]. By functionalization or modification of nanosurfaces of
CNTs, it has unlocked a new era in the development and
applications of CNTs containing hybrid nanomaterials [10–
12]. This can be generally fulfilled by the “grafting to” [13–
16] and “grafting from” [17–20] approaches. Some experi-
mental studies on CNT-reinforced polymer composites have
been reported for various kinds of organic polymers, includ-
ing polyethylene [21, 22] polypropylene [23], poly(meth-
yl methacrylate) [24, 25], polystyrene [26], pitch [27], and
epoxy [28, 29], with enhanced mechanical and electrical pro-
perties. More recently, polyurea-functionalized CNTs have
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Scheme 1: Synthetic route for the functionalization of MWNTs with segmented polyurethanes (PUT).

also been prepared via an in situ polycondensation approach
[30]. In a similar manner, polyurethane-functionalized
SWNTs have also been prepared through a two-step reaction
[31]. However, Gao’s and Xia’s approaches could not be used
in the preparation of segmented polyurethane elastomers
functionalized carbon nanotubes, because polyurethane elas-
tomers must be prepared through a prepolymer technique.
In addition, although Kwon and Kim reported dispersion of
CNTs in a waterborne polyurethane matrix [32, 33], the dis-
persion of carbon nanotubes in the polyurethane elastomer
matrix was only through a noncovalent solution blending.

Elastomeric thermoplastic block copolymers are typically
microphase-separation materials containing two types of
segments in their molecular architecture. It was expected
CNTs functionalized with polyurethane elastomers (i.e., seg-
mented copolyurethanes or polyurethane block copolymers)
via a covalent bonding would be more compatible with
polyurethane elastomer matrices and hence could reinforce
polyurethane elastomers. Since polyurethane block copoly-
mers are a class of high-performance materials for versatile
end use, nanocomposites prepared from polyurethane elas-
tomers reinforced with CNTs may extend its application in
various fields.

In a previous report, we have presented a methodology to
bind as-prepared segmented polyurethanes to CNTs via the
“grafting to” approach [34]. In this work, we incorporated
hydroxyl groups into the polyurethane backbone and then
used the “grafting to” approach to functionalize the MWNTs
via the esterification reaction between MWNTs and PU. The
segmented polyurethanes with hydroxyl groups pendant on
the chain extender were synthesized by the conventional pre-
polymer technique. The functionalized CNTs and MWNT-
PU nanohybrids have been characterized to confirm the
covalent linkage. In addition, results from the fabrication
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Figure 1: High-resolution XPS spectra of crude MWNTs and acid-
treated MWNTs with different treatment times.

and characterization of the polyurethane-carbon nanotube
nanocomposite films are presented and discussed.

2. Experimental

2.1. Materials. The MWNTs used in this work were pur-
chased from Desunnano Co., Ltd.; the purity is higher than
95%. Thionyl chloride (SOCl2) was obtained from Aldrich
and used as received. 4,4′-Methylenebis(phenyl isocyanate)
(MDI, Aldrich), methyl isobutyl ketone (MIBK, Hayashi
Chemicals), N,N-dimethylformamide (DMF, Tokyo Chem-
icals), ethyl acetate (EA, Tokyo Chemicals), and dimethyl
sulfoxide (DMSO, Nacalai Tesque, Inc.) were distilled under
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reduced pressure. 1,1,1-Tris(hydroxymethyl)propane (TMP,
Fluka) and tetrahydrofuran (THF, Tokyo Chemicals) were
used as received. Poly(tetramethylene ether glycol) (PTMG,
Mn = 1000) was degassed in vacuo at 55◦C and 600 Pa
(4.5 mmHg) for 3 h to remove any absorbed water. Nitric
acid (EP grade), and sulfuric acid (EP grade) were purchased
from Nihon Shiyaku Industries, Ltd. and used as received.

2.2. Synthesis of the Segmented Polyurethane Elastomer (PUT).
The preparation method of the segmented polyurethane
elastomer carrying a pendant hydroxyl group in the chain
extender has been described in our previous article [34].
GPC (DMF): Mn = 31, 300 g/mol, Mw = 51, 000 g/mol,
and PDI = 1.63. The reaction is given in Scheme 1. For
convenience, this polymer is designated as PUT.

2.3. Acid Treatment and Acylation of MWNTs. The detail
procedures have been published previously [34]. The sam-
ples (MWNT-COOH) obtained for acid treatment of 8 and
24 h were designated as NT-COOH-8 and NT-COOH-24,
respectively. After acylation, the samples (MWNT-COCl)
were washed with purified EA three times and ready for
esterification with PUT.

2.4. Esterification of Acylated MWNTs with PUT. 0.2 g of
as-prepared MWNT-COCl was immediately reacted with
1.0 g of PUT at 100◦C for 24 h, obtaining PUT-grafted
MWNTs after repeated centrifugation at 7500 rpm, washing,
and vacuum drying. The products (MWNT-PUT) prepared
from acylation of NT-COOH-8 and NT-COOH-24 were
designated as NT-PUT-8 and NT-PUT-24, respectively.

2.5. Preparation of Nanocomposite Films. In a typical exper-
iment, the matrix PUT (4 g) was dissolved in DMF (16 mL)
to form a homogeneous solution. To the solution was add-
ed dropwise a DMF solution of PUT-functionalized carbon
nanotubes (NT-PUT-8) under constant stirring. The result-
ing solution was cast onto a glass substrate and dried at
50◦C for 48 h. In this study, three different compositions,
that is, 1 wt%, 5 wt%, and 10 wt% of NT-PUT-8 based on the
original amount of PUT (4 g) were prepared for comparison.
The composite films were designated as PUT/NT-PUT-8-1,
PUT/NT-PUT-8-5, and PUT/NT-PUT-8-10, respectively.

2.6. Characterization. Infrared spectra of samples were ob-
tained using a Bio-Rad FTS 165 Fourier transform infrared
spectrometer. The spectra were obtained over the frequency
range of 4000 to 400 cm−1 at a resolution of 4 cm−1.

XPS surface analysis was carried out using a VG Instru-
ments X-ray photoelectron spectrometer. Mg-Kα radiation
was used as the X-ray source and the photoelectron peaks (in
the wide-scan spectra) from the samples were numerically
fitted using Lorentzian curves with an integral background
subtraction and analyzed at an angle of 45◦ to the surface.
The adventitious C(1s) signal at 284.6 eV was used to cali-
brate the charge-shifted energy scale.

Thermogravimetric analysis (TGA) experiments were
carried out on samples placed in a platinum sample pan
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Figure 2: FTIR spectra of PUT, NT-PUT-8, and NT-PUT-24.
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Figure 3: TGA weight loss curves of crude MWNTs, acid-treated
MWNTs, and PUT-functionalized MWNTs under a nitrogen at-
mosphere.

using a TA Instruments SDT-2960 analyzer. Products ranging
from 4 to 5 mg were loaded into the platinum pan and sealed
in the sample chamber. The samples were heated from 50◦C
to 900◦C under a nitrogen atmosphere at a heating rate of
10◦C/min.

Scanning electron microscopy (SEM) images were re-
corded using a Hitachi S-4800 field-emission microscope,
and the samples were precoated with a homogeneous gold
layer by sputtering technology.

Dynamic mechanical analysis (DMA) was performed on
a Perkin Elmer DMA7e unit with an operating temperature
range of −100∼50◦C. The heating rate was set at 5◦C/min.
The sample size was approximately 5.5 × 1.5 × 0.5 mm3.

Stress-strain data of nanocomposite films were obtained
using a Universal Testing Machine (Shimadzu AGS-500A
Series) with a 10 kg load cell and film grips. The crosshead
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Figure 4: SEM micrographs of PUT-functionalized and chemically defunctionalized MWNT samples. (a) NT-PUT-8. (b) NT-PUT-8 def-
unctionalized at 900◦C for 2 h. (c) NT-PUT-24. (d) NT-PUT-24 defunctionalized at 900◦C for 2 h.
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speed was 20 mm/min. Measurements were made at room
temperature using a 1.2 × 0.4 cm2 dumbbell sample.

3. Results and Discussion

3.1. X-Ray Photoelectron Spectroscopy (XPS) Analysis of Acid-
Treated MWNTs. In our previous article, Raman spectro-
scopy has showed that the suitable time of acid treatment was
ca. 8 h [34]. Therefore, our polymeric carbon nanocompos-
ites discussed here and after were all prepared from NT-PUT-
8 in view of processing and application.

In the present study, electron spectroscopy for chemical
analysis (i.e., XPS) was further used to provide qualitative
and quantitative information about the elemental composi-
tion of acid-treated MWNTs [35, 36]. In the high-resolution
spectra of C(1s), as shown in Figure 1, it is evident that
the C(1s) core level spectra of acid-treated MWNTs consist
of three well-resolved peaks after curve-fitting. The major
peak, referenced to 284.6 eV (C–C or C=C), is ascribed as
unsubstituted aromatic carbon in carbon nanotubes. The
peak shifted approximately 0.7 eV (i.e., at 285.3 eV) toward
the higher binding energy side of the main peak corresponds
to the carbon singly bound to oxygen (C–O). This is probably
due to the residual oxygen after the purification step of
pristine MWNTs or ether-type oxygen (–C–O–) of COOH.
The small peak, present at 288.8 eV, can be attributed to the
carbon double-bonded (C=O) to oxygen in the carboxylic
acid groups. The quantitative results of XPS are listed in
Table 1. The higher surface oxygen content for the carboxylic
acid functionalized MWNTs, NT-COOH-8, and NT-COOH-
24, in comparison with that of the pristine materials, is
evidence of COOH groups on the MWNT surface.

3.2. Synthesis and Characterization of MWNT-Polyurethane
Nanohybrids. Through the “grafting to” approach, the
MWNTs were functionalized by grafting polyurethane to the

Table 1: (1) XPS peak position (in eV) and (2) percentage (in atom-
%) from high-resolution C(1s) spectra of crude MWNTs and acid-
treated MWNTs.

Sample C–C/C=C C–O C(=O)–OH

MWNT
(1) 284.6 eV 285.4 eV 288.6 eV

(2) 76.65% 16.55% 6.80%

NT-
COOH-8

(1) 284.6 eV 285.3 eV 289.1 eV

(2) 42.57% 33.44% 23.99%

NT-
COOH-24

(1) 284.6 eV 285.3 eV 288.7 eV

(2) 39.74% 34.05% 26.21%

sidewalls of MWNTs (Scheme 1). The chemical structure
of the resulting MWNT-polyurethane nanohybrids is also
illustrated in Scheme 1. It is noteworthy that the adsorbed
polyurethane can be efficiently removed from the products
by filtration and washing as mentioned in Section 2. From IR
measurements for the upper layer of DMF solution, collected
by centrifuging (1 h at a rate of 7500 rpm) of MWNT-PUT
samples from the solution it is shown that no polyurethane
signals appeared in the spectrum. This indicates that the
adsorbed polymer quantity is negligible. Therefore, the
“grafting to” approach presented here promised the grafting
of polyurethanes onto CNT surfaces with some extent of
control.

The molecular composition of the resulting MWNT-pol-
yurethane nanohybrids was confirmed by FTIR measure-
ments. The IR spectra of NT-PUT-8 and NT-PUT-24 are
shown in Figure 2. For both samples, the characteristic ab-
sorption peaks of polyurethane such as –CH2–, NHCOO–,
and C–O–C, and clearly appear at 2930/2853, 1730,
1100 cm−1, respectively. The benzene-ring C=C absorption
peak from MDI is at ca. 1600 cm−1, while the peaks at
1530 cm−1 and 1220 cm−1 correspond to C–N of urethane
groups. This spectrum clearly shows that PUT has been graft-
ed to MWNTs successfully.

In general, polymer-functionalized CNTs would show
much higher solubility or better dispersibility as compared
with pristine nanotubes. Herein, as polyurethane is polar,
our resulting samples of MWNT-polyurethane are readily
dispersed in polar organic solvents such as DMSO, DMF,
1-methyl-2-pyrrolidinone (NMP), and N,N-dimethyl aceta-
mide (DMAc). The clear, gray solutions from the soluble
samples are stable, without any precipitations over time.

3.3. Thermal Analysis of the Resulting MWNT-Polyurethane
Nanohybrids. In order to obtain the grafted amount of poly-
urethane on MWNTs, thermal analyses of MWNT-PUT pre-
pared from MWNTs with different times of acid treatment
(8 h and 24 h) were carried out. The thermal stability for
crude MWNTs and functionalized MWNTs in nitrogen is
illustrated in Figure 3. As seen in the figure, the TGA
curves display a two-step degradation mechanism for PUT,
NT-PUT-8, and NT-PUT-24, which is quite different with
the one-step degradation mechanism of MWNT and acid-
treated MWNTs (MWNT-COOH, i.e., NT-COOH-8 and
NT-COOH-24). It is obvious that PUT has been grafted
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Figure 6: Temperature dependence of (a) storage modulus (E′); (b) loss tangent (tan δ) for PUT and PUT/NT-PUT-8 composite films.

onto the sidewalls of MWNTs. In the MWNT-COOH case,
there is a continuous but not very obvious decrease in
weight, which is typical for acid functionalized MWNTs. In
comparison with the curves of MWNTs and acid-treated
MWNTs, the rapid degradation stage in NT-PUT-8 and
NT-PUT-24 may arise due to the decomposition of grafted
PUT. As compared to crude MWNTs, the functionalized
acid amount could be calculated by the subtraction of char
yields of acid-treated MWNTs from pristine MWNT. Thus,
the functionalized acid amounts for NT-COOH-8 and NT-
COOH-24 are 10.0 and 12.2%, respectively. It is evident that
the increased acid amount after acid treatment for 8 h is not
much, demonstrating that longer acid-treated time may be
not necessary. Therefore, to save the processing time for the
application, our nanocomposites were only prepared from
NT-PUT-8 nanohybrid. In addition, the grafted amounts of
PUT were also obtained. According to the TGA traces, the
PUT contents in the NT-PUT-8 and NT-PUT-24 samples
are approximately 35.6% and 42.2%, respectively. It was
found that the longer acid treatment time results in a higher
grafted amount of PUT. This further confirms the successful
functionalization of MWNTs.

3.4. Morphology of the MWNT-Polyurethane Nanohybrids.
The fine nanostructures of the as-prepared MWNT-poly-
urethane nanohybrides were investigated by SEM. As shown
in Figures 4(a) and 4(c), MWNTs were coated by a layer
of polymer chains. From the SEM images of the PUT-
grafted MWNT samples, we can clearly discern that the
higher the quantity of the grafted polymer, the thicker the
polymer shells. The calculated diameters for NT-PUT-8 and
NT-PUT-24 are ca. 79.7 and 85.5 nm, respectively. After
heat treatment of NT-PUT-8 and NT-PUT-24 at 900◦C for
2 h, the defunctionalized tube surfaces are relatively smooth
and clean (Figures 4(b) and 4(d)), obviously different from
those of the polyurethane-functionalized MWNTs. The tube

diameters are ca. 58.1 and 61.3 nm, respectively, being close
to the diameter of pristine MWNTs.

3.5. Preparation and Thermal Analysis of Polyurethane Nano-
composites. In this research, MWNTs were functionlalized
with PUT in order to be more compatible with the poly-
mer matrix, PUT, of the nanocomposites. Due to the ure-
thane groups of PUT, there are strong intermolecular inter-
actions arising from the hydrogen bondings between PUT
and MWNT-PUT nanohybrids, resulting in high compatibi-
lity between both components. The common solubility of
the PUT-functionalized carbon nanotubes and the matrix
PUT also makes the solution casting easier. The compat-
ibility of the PUT-functionalized carbon nanotubes with
polyurethane and the dispersion of the nanotubes in poly-
urethane matrix were evaluated via the fabrication of na-
nocomposite thin films. The PUT-functionalized carbon na-
notubes used in this study are NT-PUT-8 as mentioned
previously. In a typical experiment, a calculated amount of
NT-PUT-8 (w/w) based on PUT matrix was dissolved in
DMF and added to a PUT solution. For comparison, 1, 5,
and 10 wt% of NT-PUT-8 based on 100 wt% of PUT were
used as the reinforcing fillers. The nanocomposites prepared
from PUT reinforced with the aforementioned amounts of
NT-PUT-8 were designated as PUT/NT-PUT-8-1, PUT/NT-
PUT-8-5, and PUT/NT-PUT-8-10, respectively. The result-
ing composite solution was allowed to settle overnight and
then centrifuged to remove any residual insoluble species,
followed by being concentrated to attain the desired viscosity.
The viscous but transparent solution was used for the
casting of a thin film. The polyurethane-MWNT composite
thin film thus obtained is transparent with a high optical
quality. The successful fabrication of optically high-quality
nanocomposite thin films reflects the excellent compati-
bility of the PUT-functionalized carbon nanotubes with po-
lyurethane. It also serves as initial evidence for the notion
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Table 2: Composition and physical properties of PUT and PUT/NT-PUT-8 composite films.

Specimens
Composition

(wt%)
PUT/NT-PUT-8

Tg (◦C)
(soft segment)

Storage modulus
at −40◦C (GPa)

Tensile strength
(KPa)

Elongation at
break (%)

PUT 100/0 −26 0.918 180 195

PUT/NT-PUT-8-1 100/1 −24 1.14 286 192

PUT/NT-PUT-8-5 100/5 −19 1.22 344 173

PUT/NT-PUT-8-10 100/10 −17 1.47 675 116

that functionalized carbon nanotubes can be dispersed ho-
mogeneously into polymeric matrices. According to TGA
results shown in Figure 5, it is obvious that the thermal sta-
bility of nanocomposites increases with increasing amounts
of PUT-functionalized carbon nanotubes. As a result, the
degradation temperature (ca. 335◦C) of 10% weight loss for
PUT/NT-PUT-8-10 composite is ca. 16◦C higher than that
of neat PUT. In addition, compared to the char yield (ca.
3.5%) of neat PUT, the higher char yield (ca. 16.9%) for this
composite demonstrates that the effect of enhanced thermal
stability due to the PUT-functionalized MWNTs may occur.

3.6. Mechanical Properties of Polyurethane Nanocomposites.
Dynamic mechanical analysis (DMA) is most useful for
studying the viscoelastic behavior of polymers. The mechan-
ical properties and stiffness of the polyurethane nanocom-
posites were then analyzed with DMA. In the polyurethane
composite, PUT-functionalized MWNTs serve as the rein-
forcement and segmented PUT acts as the matrix. Increasing
the amount of NT-PUT-8 in the composite increased the
storage modulus due to stronger intermolecular interactions
between MWNT-PUT nanohybrid and PUT. The soft seg-
ment Tgs of the three composite films were also obtained
from loss tangent of DMA. As shown in Figure 6, the
dynamic storage modulus (E′) and loss tangent (tan δ) of
the PUT/NT-PUT-8 nanocomposite films show enhanced
mechanical properties and increased soft segment Tg . The
results of soft segment Tg of the three composites are
listed in Table 2. The enhanced E′s of PUT/NT-PUT-8
nanocomposites are induced from the stiffening effect of
the CNTs. E′ of the PUT/NT-PUT-8 nanocomposite films
prepared in this study increases with increasing NT-PUT-8
content, which is due to the stiffening effect of the NT-PUT-
8. In comparison with the E′ values of PUT, the E′s of the
three nanocomposites are significantly improved, indicating
a strong adhesion between the reinforcement and the matrix.
For the convenience of comparison, data of E′ at –40◦C are
also shown in Table 2. Moreover, with increasing NT-PUT-8
content, the glass-transition temperature of the soft segments
of the PUD/NT-PUT-8 nanocomposite films shifts from –26
to –17◦C. The increase of soft segment Tg is attributed to the
constraint of polyurethane chains by carbon nanotubes. This
means that NT-PUT-8 nanohybrids are compatible with the
amorphous regions of the soft segments in PUT matrix.

Figure 7 shows the stress-strain curves of the PUT film
and PUT/NT-PUT-8 nanocomposite films. The results of
tensile strength and elongation at break of the PUD/NT-

PUT
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Figure 7: Stress-strain curves for PUT and PUT/NT-PUT-8 com-
posite films.

PUT-8 nanocomposite films are also summarized in Table 2.
The tensile strengths of the nanocomposite films are en-
hanced with 1 wt% to 10 wt% loading of NT-PUT-8 com-
pared to the corresponding value of the original PUT film.
As the NT-PUT-8 content increased from 1 wt% to 10 wt%,
the tensile strength of the PUT/NT-PUT-8 nanocomposite
films increases from 286 to 675 KPa, corresponding to an
increasing ratio of 59 to 275%; however, the elongation at
break (% of strain) decreased from 192 to 116%. The increase
of tensile strength in the PUT/NT-PUT-8 nanocomposites is
due to the reinforcing effect of NT-PUT-8 in the PUT matrix.

4. Conclusions

MWNTs were covalently functionalized with segmented pol-
yurethanes using the “grafting to” technique. The segmented
polyurethane (PUT) with hydroxyl groups pendant on the
polymer backbone was synthesized by the conventional pre-
polymer technique. The functionalized MWNT-COCl was
then reacted with polyurethane to prepare the MWNT-
polyurethane nanohybrids. By XPS analysis, the presence of
C(=O) (1s) for acid-treated MWNTs indicated the successful
oxidization of MWNTs. From the characteristic peaks of
PUT shown in IR spectra, PUT has been grafted to the
surfaces of MWNTs successfully. TGA results indicated that
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acid treatment time for 8 h might be enough. SEM inves-
tigations gave direct evidence of the nanostructures of the
MWNT-PUT hybrids. The MWNT-PUT nanohybrids were
well dispersed in the same solvents for neat PU, thus allowing
the intimate mixing of the functionalized nanotubes with
the matrix polymer for the preparation of nanocomposites.
Dynamic mechanical analysis showed the storage modulus
and the soft segment Tg of the nanocomposites increased
with increasing NT-PUT-8 content. The tensile strengths of
the nanocomposite films with different weight ratio loading
of NT-PUT-8 were enhanced by about 59 to 275%, compared
to the corresponding value of the original PUT film.
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Over the last few years, polymer/clay nanocomposites have been an area of intensive research due to their capacity to improve
the properties of the polymer resin. These nanocharged polymers exhibit a complex rheological behavior due to their dispersed
structure in the matrix. Thus, to gain fundamental understanding of nanocomposite dispersion, characterization of their internal
structure and their rheological behavior is crucial. Such understanding is also key to determine the manufacturing conditions to
produce these nanomaterials by liquid composite molding (LCM) process. This paper investigates the mix of nanoclays particles
in an unsaturated polyester resin using three different dispersion techniques: manual mixing, sonication, and high shear mixing
(HSM). This paper shows that the mixing method has a significant effect on the sample morphology. Rheology, scanning electron
microscopy (SEM), and differential scanning calorimetry (DSC) characterization techniques were used to analyze the blends
morphology and evaluate the nanoclays stacks/polymer matrix interaction. Several phenomena, such as shear thinning and
premature polymer gelification, were notably observed.

1. Introduction

Recent advances in the composite materials field are related
to the addition of nanoparticles such as carbon nanotubes
or nanoclays to improve thermal, mechanical, or electrical
properties. Nanoparticle additives, like nanoclays, are widely
used in various industries such as cable coatings, adhesives,
inks, pharmaceuticals and automotives [1, 2]. One of the
most common nanoclay forms is MMT layered silicate with
a particle thickness of 1 nm and 70 to 100 nm crosswise silica
platelets [3]. The choice of montmorillonite nanoparticles in
previous researches is mainly due to the fact that they are
commonly available in nature and inexpensive. A minimal
content of such additives between 1 to 6% wt can improve
the properties of the polymer matrix by increasing flexural
modulus by up to 31% and lowering the coefficient of
linear thermal expansion by 66% [1, 4, 5]. However, the
incorporation of nanoparticles into the liquid matrix is

still a challenge, because it requires proper dispersion and
exfoliation. Nanoclays are widely used in thermoplastic ma-
trices, but only few studies report to their addition in pol-
yester thermoset resins. This explains the lack of results on
the thermal and mechanical properties and especially on the
rheology of the mix.

Rheology is a widely used evaluation method for detect-
ing the presence of interconnected structures. This technique
seems to be relevant for the study of the dispersion state
which defines the nanostructure of the mixture between the
conventional, the intercalated, or exfoliated nanocomposite
as illustrated in Figure 1. However, in practice, the final
mixture would probably be a combination of these three
morphologies, where the best-case scenario is the fully ex-
foliated structure [1, 6]. Due to the high aspect ratio of the
platelets, a small percentage of nanoclay particles properly
dispersed in the matrix can generate a very large surface
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Figure 1: States of dispersion of nanoclay platelets.

area for polymer/filler interactions [1, 6]. Many factors can
influence the dispersion and exfoliation of the nanoparticles
in the polymer. The final properties of the nanostructure will
mainly depend on the choice of the mixing technique and the
resulted degree of exfoliation of the nanoclay platelets [7, 8].
Techniques such as in situ polymerization, solution mixing,
or sonication are widely used to disperse nanoparticles in
a liquid. The latter technique in particular seems to be
relatively effective to obtain an exfoliated structure [1, 9, 10].
The changes of morphology of the mix are associated to
the dispersion of the nanoparticles in the liquid matrix.
When using a Newtonian polymer, the morphology change
is detectable with rheology analyzes by the apparition of a
shear-thinning behaviour [1, 7, 11, 12]. This non-Newtonian
behaviour can be attributed to various factors such as the
change in the nanoparticles volume fraction, shape, and size
or size distribution [6, 12]. This decrease of viscosity is due
to the reorientation of the layered silicate (MMT) in the
direction of flow in response to the external applied shear
[8, 13, 14]. The degree of the shear-thinning can then be used
as an indicator of the exfoliation state of the nanoclays inside
the polymer matrix; a steeper slope can be associated to an
exfoliated mixture [7, 8]. When the shear stress is released
after testing, a restructuration to the original disorganized
structure of the nanoclay is initiated. The viscosity of the
blend gradually go back to its original steady-state value
[13].

The presence of layered silicates in nonaqueous polymers
changes the viscoelastic behavior of the unfilled matrix from
liquid-like (G′αω2) to solid-like (G′αω0) because of the for-
mation of a three-dimensional percolating network of exfo-
liated or intercalated stacks [15]. This gel-like behavior is
a direct consequence of the highly anisotropic nature of
the nanoclays which prevents their free rotation and the
dissipation of stress [16]. This superstructure formation will
directly affect the polymerization reaction [14, 17, 18]. The
presence of this gel-like structure limits the cross-linking
altering the curing reaction because of the reduction of

the molecular mobility and thus free volume [19]. This
limitation is not attributed to the resin nature itself which
generally follows the rule of mixtures, but to the presence
of nanoclays leading to a more complex chemical behavior
[20]. According to Gholizadeh et al. [21], the addition of
nanoclay decreases the free volume. On the other hand, Yu
et al. [22] observed an increase in free volume after the
addition of bentonite clay attributed to the cyanate ester
polymer/nanoparticles interaction. The effect of the nano-
platelets on the free volume depends on the clay/polymer
interactions, and this type of characterization seems to give
contradicting results. These interactions can be affected by
the interfacial region, the interstitial cavities of agglomerates,
the chain segments mobility of the polymer, or the cross-
linking density [23]. The composition of the polymer matrix
and the nanoclay surface treatment will also influence the
curing reaction [20, 24].

From the manufacturing point of view, the gel time is a
critical parameter for proper composites molding [25, 26].
It was observed in the past that the level of exfoliation of
nanoclay platelets has an important impact on resin cure
causing premature cross-linking [17]. Goertzen et al. [27]
did a rheokinetic study on fumed silicate nanocharged cy-
anate ester resin at various volume fraction up to 3.4%.
They have observed a reduction in gel time by 9% during
isothermal cure at 130◦C because of the nanoparticles. In
similar way, the addition of nanoclay to an epoxy/diamine
resin was found to enhance the curing reaction [28]. Gen-
erally speaking, the organoclays tend to facilitate the hom-
opolymerisation reaction because of the catalytic action of
the octadecylammonium ions of the clays [24, 28, 29].

Other techniques, such as electron microscopy and XRD,
are also widely used to characterize the dispersion state of
the nanoparticles in the polymer matrix. Due to its high
resolution, TEM is suitable only at nanoscale which is not
necessarily representative of the entire composite sample at
the macroscale. Moreover, sample preparation for TEM anal-
ysis is quite complex and time consuming, and results
are not guaranteed regarding the cost of such character-
ization. On the other hand, SEM allows observations of
the nanocomposites internal structure at larger scales than
TEM. The micro-scale could reveal the size and distribution
of agglomerates in a more representative sample [30].
Combined to rheology characterization, SEM microscopy is
a good indicator of the dispersion of nanoparticles in the
resin and may also confirm the level of exfoliation.

This present study focuses on the mixing techniques
and the understanding of the dispersion of nanoclays in
unsaturated polyester resin. The main challenge is to achieve
exfoliation of large stacks of clay nano-platelets into single
layers keeping in mind the manufacturing process limita-
tions. A previous study [31] already identifies the main
process parameters to consider for proper injection of a
nanoclay reinforced resin and impregnation of natural fibers
by LCM. This work has also shown improved mechanical
and flammability properties of nanoclay reinforced UP.
Three dispersion methods were investigated on this study:
manual mixing, sonication, and high shear mixing will be
investigated. The dispersion state of nanoparticles in the
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Table 1: Properties of the nanoclay platelets used in this work.

Type D-spacing Density Surface treatment

Cloisite
30B

18.5 Å 1.98 g/mL
Alkyl quaternary
ammonium bentonite

matrix will be evaluated using both rheology and SEM
analyses. The catalytic effect of the nanoclays will also be
investigated by gel time measurements and cure kinetics
study using rheology and M-DSC techniques. The main
objective of this research is to identify the most efficient
dispersion technique and its impact on rheological and cure
kinetics on nanocharged UP matrix keeping in consideration
future manufacturing possibilities.

2. Experimental

2.1. Material. In this work, an unsaturated polyester petro-
leum-based resin (UP) R937-DPE24 from AOC was used,
which has an average viscosity of 0.1804 Pa.s at 23◦C. The
resin was prepromoted with cobalt ethylhexanoate and ini-
tiated using 1.5 phr of methyl ethyl ketone peroxide (MEKP
925) from Norox. The resin was reinforced using 3% wt of
Cloisite 30B nanoclay from Southern Clay Products. These
nanoparticles are organically modified layered magnesium
aluminum silicates and their properties are summarized in
Table 1.

2.2. Nanoclay Dispersion. A good dispersion is a key chal-
lenge to achieve the best possible combination of matrix-
nanoparticles. For that reason, a new dispersion technique
using high shear mixer was investigated in this work and
compared to sonication and manual mixing. The choice
of the 3% wt Cloisite 30B was notably based on previous
researches [31, 32] showing that these type of nanoparticles
are easier to disperse due to their chemistry providing general
improvement on the matrix properties. Furthermore this
type of nanoclay was investigated in an earlier study focusing
on composites manufacturing [31], and the mass fraction of
3% wt was considered adequate for RTM processing.

The sonication and manual preparations are detailed in a
previous study [31]. In these techniques, the nanoclays were
incorporated and predispersed in styrene first. The resin was
then added to the mix and the styrene in excess was evapo-
rated using high-speed mechanical stirring. The amount of
each component was weight controlled. Since the HSM is
performed in a sealed chamber, the nanoclays were directly
incorporated into the resin. The gap in the geometry interac-
tion chamber has been fixed between 50 and 100 microns,
and the resin was circulated inside the chamber at high
pressure. The size of particles agglomerates was significantly
reduced with this mixing technique resulting in a well-
dispersed and homogeneous blend. Figure 2 summarizes the
blend preparation procedures with the different approaches.
The letter A refers to sonication technique whereas the letters
B to high shear mixing. Pure and nanocharged resins were
mixed by three methods in order to take into account the
possible effect of the mixing technique on the resin itself. The

temperature and pressure were maintained at 23◦C and 1 atm
for (A0) and (A1) blends to limit the possible formation of
microgels or styrene evaporation.

2.3. Rheology and Electron Microscopy. Rheology experi-
ments were conducted using a combined motor and trans-
ducer (CMT) rheometer MCR501 from Anton-Paar. Both
steady shear and small amplitude oscillatory shear (SAOS)
measurements were carried out using two types of geome-
tries: parallel plates of 25 cm diameter with a constant gap
of 1 mm for high-viscosity blends and concentric cylinders
for low-viscosity blends. All experiments were conducted at
23◦C and before measurement the sample was left in the
geometry for stabilization for 20 minutes. Plastic paraffin
films (parafilm) were placed above the mixtures to limit
styrene evaporation during the stabilisation stage. This film
limits the air contact of the liquid resin and styrene evapora-
tion can be neglected. The steady shear measurements were
performed using a shear rate varying from 0.1 to 1000 s−1.

For steady shear viscosity, the non-Newtonian viscosity η
is defined as follows [19, 33]:

η
(
γ̇
) = −τ21

γ̇
, (1)

where τ21 is the shear stress, and γ̇ the shear rate applied. The
SAOS experiments were carried out under strain amplitudes
of 1%, inside the linear viscoelasticity (LVE) domain.
Frequency sweep test measurements were performed at
frequencies varying from 0.1 to 100 Hz. A strain wave was
imposed to the sample and the SAOS shear stress response
τ21(t) defined as follows [19, 33]:

−τ21(t) = (τ0 cos (δ)) sin (�t) + (τ0 sin (δ)) cos (�t), (2)

where τ0 is the stress amplitude, � the angular frequency,
and δ the phase difference between the strain wave and the
stress response. For elastic solids, the shear stress is directly
proportional to the strain imposed as defined by Hooke’s law:

τ21 = −G · γ21 = −G · γ0, (3)

where γ0 = γ̇0/� is the strain amplitude and G the elastic
modulus. Equations (2) and (3) can be combined to obtain
the SAOS material function:

−τ21

γ0
= G′ sin (ω · t) + G′′ cos (ω · t), tan(δ) = G′′

G′
,

(4)

where G′ is the storage modulus and G′′ the loss modulus,
related, respectively, to the energy stored (elastic contri-
bution) and dissipated (viscous contribution). The ratio
between modulus is defined as the damping factor tan δ. The
complex viscosity η ∗ (�) is finally defined as

η ∗ (�) = −τ21(t)
γ̇21(t)

, (5)

where γ̇21(t) is the SAOS strain rate.
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Figure 2: Mixing techniques used for nanoclay dispersion in the resin matrix: manual mixing, sonication (a), and high shear mixing (b).

In order to quality the size of the agglomerates and
thus, evaluate the quality of the nanoreinforced blends,
scanning electron microscopy (SEM) technique is used. A
field emission gun scanning electron microscope (FEG-SEM-
4700) from Hitachi is used at an operation voltage of 2 kV.
FEG-SEM was used to investigate the distribution of clay in
the Epoxy matrix. The smooth and flat surface of specimens
were prepared using Ultracut FC microtome (Leica) with a
diamond knife and then coated with platinum. This device
cuts thin slices of nanocomposite to the desired thickness and
the observed area is around 100 μm.

2.4. Calorimetry. The addition of nanoclay particles in the
UP resin can cause premature cross-linking of the matrix
which could be the source of composite part failure and
restrict the manufacturing capabilities. Consequently, it is
important to understand the effects of nanoclays on the resin
cure kinetic. In order to see the possible catalytic effect of
nanoparticles, calorimetry experiments were performed on
blends A and B and on the resin alone. First, the samples
were isothermally maintained at 70◦C for different periods
of time up to 24 hours in order to study the effect of the
storage conditions on the nanocharged mixtures. Afterwards,
the MEKP catalyst was added to the blend and samples were
cured on the DSC at a dynamic ramp of 10◦C/min from
room temperature to 250◦C. The instrument used on this
study is a modulated differential scanning calorimeter (M-
DSC) Q1000 from TA Instrument. This instrument has the
great advantage of being able to separate the heat flow related
to the cure kinetic from the changes in thermodynamic
heat capacity. The instantaneous heat generated during the
polymerization reaction can be expressed as follows [26, 34]:

dH

dt
= ΔHR

dα

dt
, (6)

where ΔHR is the total heat of reaction measured by
M-DSC and dα/dt the reaction rate. If the diffusion of
chemical species is neglected, the reaction rate is assumed
to be a unique function of the degree of conversion α and
temperature T and this expression takes the form of

dα

dt
= f (T ,α), α =

∫ t

0

dα

dt
· dt (7)

and the total heat of reaction corresponds to the area
under the nonreversing heat flux curve measured by M-DSC
[26, 34].

3. Results and Analyses

3.1. Rheology Analyses. In this work, the quality of the dis-
persion of nanoclays in the liquid resin was evaluated from
rheology tests knowing that a high initial viscosity and strong
shear thinning behavior are often associated to a high level of
exfoliation of the nanoclay platelets [1, 6]. This rheological
behavior illustrates the ability of the nanoclays to “interact”
with the polymer matrix and is intimately related to the clay
type, its surface treatment, and affinity with the polymeric
matrix [6, 32].

Figure 3 illustrates the viscosity change with shear rate for
eight samples dispersed by three different mixing techniques.
As shown, the resin viscosity increases after the addition of
the nanoparticles with the three mixing techniques studied
in this work. The initial viscosity can rise over 3 decades. The
mixing techniques does not influence the pure resin viscosity
as illustrated by the A0 and B0 curves showing the same
Newtonian behavior with a viscosity around 0.20 Pa.s, close
to the manufacturer data of 0.1804 Pa.s. For the manually
mixed blend, the size of particles is probably still quite
large due to high probability of aggregates. The sonication
mix (A1) results in a slight non-Newtonian shear thinning
behavior with an increase of the initial viscosity to 0.80 Pa.s.
This can be attributed to a better dispersion and possible
intercalation of the nanoclay platelets. On the other hand, the
high shear mixing (B1) blends show a strong shear thinning
behavior with an initial viscosity varying from 70 to 250 Pa.s.
The initial viscosity increases with the number of passes
in the high shear chamber. However, at higher shear rates
(20 s−1 and over), the viscosity of the nanoreinforced resin is
below 10 Pa.s. This value has been previously estimated as the
processability limit to manufacture composite parts by RTM
[31]. In the case of the high shear mixing blends, the number
of passes will have an important influence on the initial
viscosity of the nanocharged resin. After two passes, the
nanoclays platelets seem to reach their maximum possible
exfoliated state, the interactions between the platelets are
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Figure 3: Shear viscosity of pure resin and nanocharged resin with
3% wt C30B using different mixing methods.

maximized, and there is no more space for further stacks
exfoliation. From these results, it can be concluded that the
(B1) high shear mixing technique is more suitable to obtain
a potentially exfoliated structure.

The non-Newtonian behavior of the shear viscosity
curves of blends A and B can be attributed to the creation
of hydrogen bonds to the oxygen groups on the surface of
the C30B clay platelets and the polar groups of the polymer
backbone [27]. A steeper decrease of the viscosity slope,
observed for the HSM blends, is a sign of an enhanced shear-
thinning behavior. According these results, the dispersion
state is probably exfoliated. This behavior may also be due
to a loss in local entropy enhancing the movement of the
polymer chains in flow direction [8].

Figures 4(a) and 4(b) illustrate the variations in storage
moduli G′ and damping factor tan δ with frequency for the
three mixing techniques evaluated on this work. The mixing
method has a major impact on the storage modulus, as
shown in Figure 4(a) by the differences in G′ between the
manual, sonication (A1), and high shear mixing (B1). The
storage modulus of the manual and (A1) blends show an
almost second-order dependency with frequency (G′αω2),
with slopes of 1.541 and 1.131, respectively. This is a typical
behaviour of liquid-like blends and can be attributed to a
probably intercalated morphology of the nanoclays. As for
the high shear mixed blends (B1), G′ is quasi-independent of
the frequency indicating an almost gel-like structure (G′αω0)
with slopes varying from 0.368 to 0.263 for 1 to 5 passes
[3]. This behaviour induces one to believe the formation
of a 3D polymer/nanoclays network [6]. Furthermore, the
increase of G′ with the number of passes in the HSM is a
direct consequence of the enhancement of the dispersion
of nanoclays which could lead to an exfoliated state. It has

to be noted that no accurate values of G′ were detected
for frequencies below 0.1 rad/s due to the precision of
the rheometer. In Figure 4(b), small variations of tan δ for
the HSM mixtures at low frequency are observed, which
confirms the gel-like structure of these blends. However,
these are considered to be weak gels, because the ratio
between the dissipative (G′′) and elastic energy (G′) is low,
between 0.1 and 0.7. So the viscous nature still dominates
the elastic behaviour in opposite to a strong gel (tan δ below
10−2) [35]. At almost ω = 10 rad/s, the tan δ value reaches
a maximum for the (A1) and manual blends (peak of the
bell shape). This marks a transition to a more dissipative
behaviour, meaning a transition from a gel-like state to
a liquid-like state. This behaviour can be related to the
alignment of the platelets in the flow direction. For the (B1)
blends, a slight increase of tan δ and G′ at 10 rad/s can
be observed, indicating the beginning of a morphological
change. At higher frequencies (ω > 62.8 rad/s), G′ seems to
tend to the same value for all systems. It was finally found
that at high frequencies, the G′ response is dominated by the
matrix since the values of all mixtures trend to 1000 Pa at
628 rad/s [3].

To validate the rheology results showing the differences
in dispersion of the nano-platelets, visual observation was
performed using SEM and micrographs of the blends as
illustrated in Figure 5. Note that the unidirectional etchings
on the micrographs are due to the blade of the dia-
mond knife during sample preparation. The manual mixing
(Figure 5(a)) shows important agglomerations in the order
of 10 microns whereas they are diminishing around 3
microns for sonication (Figure 5(b)). Finally, the high shear
mixing seems to be a relevant technique for nano-dispersion
showing agglomerates smaller than 1 micron (Figure 5(c)).
Figure 6 presents the initial storage modulus as function of
the size of the agglomerates obtained after the dispersion
by manual mixing, (A1), and (B1) techniques. The first
method shows a high level of aggregation compared to the
(B1) 5 passes blend which probably has a fully exfoliated
morphology. As illustrated by the G′ data, there is an increase
in elasticity of more than two decades between (A1) and
(B1) blends. This is attributed to an important change in
the internal structure of the nanoclay platelets and also
confirming the gel-like 3D network structure.

3.2. RTM Shear Simulation and Process Limitations. In order
to simulate an RTM injection and relate it to the reorganiza-
tion of the nanoclays with the resin flow, a rheology cycle was
imposed to the most viscous (B1) blend that underwent 10
passes through the HSM system. The choice of this particular
blend was based on the fact that it is the one showing
the most important morphological changes. The imposed
shear cycle combines shear and rest periods as illustrated
in Figure 7. This simulation is carried out by varying the
shear rate three times. At the initial state (quasistatic), the
shear rate is kept constant at 0.1 (1/s). The initial shear rate
was chosen in order to reproduce the initial static state of
the resin before injection. This step is followed by a sudden
increase of the shear rate to 1000 s−1 representing the resin
injection into the mold cavity taking less than 25 seconds.
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Figure 4: Internal structure behavior of UP resin with 3% wt C30B
nanoclays for various mixing methods (a) storage modulus of (b)
tan δ.

After this period, the resin is maintained on a static state (i.e.,
0.1 (1/s)) for 25 minutes. During this quasistate period at
constant shear rate, the resin viscosity increase from 1.8 Pa.s
to 200 Pa.s. This increment is assumed to be linked to the
nanoclays reorganization, since the shear rate is constant and
no chemical reaction takes places (no hardener was added to
the resin).

At the very beginning of the cycle, the nanocharged resin
is at rest and the initial exfoliated structure of the platelets
randomly disorganized. This leads to a very high viscosity of
250 Pa.s on the first two minutes. When the resin is injected
at a shear rate of 1000 s−1, the viscosity decreases abruptly

CNRC-IMI 2.0 kV 7.6 mm ×10.0 k 9/22/2009SE(U) 5 μm

(a)

CNRC-IMI 2.0 kV 5.7 mm ×10.0 k 9/22/2009SE(U) 5 μm

(b)

CNRC-IMI 2.0 kV 14.0 mm 12/6/2010×10.0 k SE(U) 5 μm

(c)

Figure 5: SEM micrograph of nanocharged resin with 3% wt C30B
using different dispersion methods: (a) manual mixing, (b) A1-
sonication, and (c) B1-HSM.

to 1.8 Pa.s and the original nano-structure is destroyed.
The particles at this point are oriented in the fluid flow
direction. After the filling is completed, at around 3 minutes,
the shear is released and the viscosity gradually increases
until it reaches its initial value after 10 minutes. There is
a restructuration of the nanoparticles in the blend which
disorganized themselves to their original exfoliated structure
after this period. This rheology simulation gives precious
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indication about the time necessary for the exfoliated nano-
blend to reach a viscosity small enough for injection in addi-
tion to its ability to recover rapidly to its original probable
exfoliated state which is of interest for the improvement of
the properties of the final part.

The gel point is another important feature of the
nanocharged mixtures and it is defined as the required time
for the covalent bound of the monomer to connect across
the network to form the infinite network [15]. At that time,
the polymer viscosity tends to infinity. Numerous techniques
[19, 34, 36] can be used to determine the gel point, such
as the crossing point between the baseline and the tangent
drawn from the turning point of G′ curve, the cross-over
of the modulus G′ and G′′, or when the tan δ becomes
invariant with frequency. The chosen criteria will depend on
the system being studied as well as the stoichiometry of the
different components. One of the techniques selected in this
study was successfully used for epoxy prepregs, consisting
in determining the gel time at the maximum of the tan δ
[36]. It was decided for the gel point study to focus only on
the low-frequency range in order to be representative of the
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Figure 8: Storage and loss moduli and tan δ during the cure of B1-
HSM 5 passes blend at 23◦C.

actual manufacturing process. To obtain consistent results,
the frequency of all experiments was set to 1 Hz in the linear
viscoelastic region. Experiments were then conducted in time
sweep mode as shown in Figures 8 and 9.

Figure 8 illustrates the evolution of G′,G′′, and tan δ
during the cure of the B1-HSM 5 passes blend at 23◦C. It
can be seen that G′ is always higher than G′′ because of the
gel-like structure of the blend. As a consequence, no cross-
over is observed between G′ and G′′. At around 9 minutes
from the beginning of cure, there is a sudden increase of
the storage modulus to infinity which indicates an important
change in the polymer structure. At this point, the tan δ curve
reaches a maximum close to 1. This is an indication of the gel
formation which denotes the beginning of the cross-linking
of the polymer. The calculation of the gel time with this
method was carried out on the resin/nanoparticles blends
mixed with different techniques as illustrated in Figure 9(a)
at the same temperature and frequency. As shown, the blends
mixed with a high shear mixer result in the lowest gel times,
between 3 and 15 minutes. Moreover, it is observed that the
gel time decreases proportionally with the number of passes
in the mixer for the HSM technique. As of the hand mixed
and sonicated samples, their gel point is slightly inferior to
the pure resin due to the supposed catalytic effect of the
nanoclays. Since the nanoclays are not well dispersed with
this techniques compared to HSM mixtures, the catalytic
effect is limited.

The gelification point is often defined as the time at
which the G′ exceeds G′′ (i.e., tan δ = 1), but this point
corresponds to a high resin viscosity. In LCM process anal-
ysis, the processing gel time may be defined as the point at
which the resin viscosity curve has a slope of 10% [26]. This
criterion results in a viscosity increase between 2 to 5 times
from the initial value. At this point the resin will not flow
under normal injection pressures [26]. Figure 9(b) illustrates
the evolution of the complex viscosity with time during
cure. This processing gel time calculated from complex
viscosity is in good agreement with the data obtained from
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Figure 9: Gel time at 23◦C UP resin with 3% wt of C30B mixed with various dispersion techniques: (a) method of maximum tan δ, (b) 10%
slope of η∗, and (c) gel point tendency obtained with the maximum tan δ.

the maximum of tan δ. The catalytic effect of the nan-
oclay tends to decrease the gel time due to the increased
interactions between nanoclay platelets and the polymer
resin. Table 2 resumes the gelification time for each system
according to the mixing method. Figure 9(c) summarizes
the gelification times calculated from the maximum of tan δ
according to the mixing method. The gelification time has
been reduced in 17 minutes between (A1) and (B1) blends.
This is mainly due to an enhanced dispersion state and
probable exfoliation, which results in a greater surface for
interaction between the polymer matrix and the clays. This
interfacial region acts as a catalyst and accelerates the curing
reaction.

3.3. Catalytic Effect of the Nanoclays. As illustrated by the gel
time results, the addition of nanoclays has a nonnegligible
impact on the polymerization process. In order to better un-
derstand this catalytic effect on the cross-linking reaction
of the UP resin, samples of the different blends were

isothermally maintained at 70◦C for various dwell times. The
catalyst was then added to the blend and the heat of reaction
was analyzed with an M-DSC using a constant heating
rate process. The residual heat of reaction was compared
to the total heat of reaction generated during the cure of
the pure resin. In addition, the samples exposed at 70◦C
were compared to the samples stored at −18◦C, so-called
control samples. Neat resin samples were exposed to the
same isothermal condition to take into account the styrene
evaporation which has an influence on the released heat of
reaction. For that reason, a correction of the total heat is
made for all stored samples. The nonreleased heat due the
evaporation of styrene for the pure resin sample, ΔHpure resin,
during storage at 70◦C was calculated as follows:

ΔHpure resin = Hpure resin at −18◦C −Hpure resin at 70◦C. (8)

The evaporation of the cross-linking agent (styrene) during
storage lowers the total heat or reaction of the resin a quantity
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Table 2: Gel time results using two different calculation methods.

Maximum tan δ
(min)

Figure 9(a)

10% slope
(min)

Figure 9(b)

Pure resin 44 42

3% cloisite
30B

Manual mixing 38 37

A1-sonication 36 32

B1
HSM

1 pass 15 14

5 passes 9 8

10 passes 3 3

Table 3: Storage temperature influence on nanocharged resin using HSM and sonication dispersion techniques.

Isothermal
temperature
(◦C)

Dwell time
(h)

Pure resin Sonication A1 HSM B1-5 passes

Hres (J/g) ΔHres (J/g) Hres (J/g) αnano
1 (%) Hres (J/g) αnano

1 (%)

−18 24 279.8 — 259.7 6.5 273.1 4.4

70

1 224.6 18.4

1.5 214.2 21.5

2 166.7 38.5

6 260.1 19.7 214.7 14.4

70 12 243.6 36.2 206.9 15.1

70 24 239.3 40.5 197.1 17.6
1
Calculation based on Hres of the corresponding pure resin storage

equals to ΔHpure resin. As shown in Table 3, exposing the
pure resin at 70◦C, for long periods, results in a decrement
of the heat of reaction of 9.5% and 14.5% after 6 and
24 hours, respectively. Therefore, for the nanocomposite
samples maintained at 70◦C, the total heat of reaction has
to be compared to the one of the pure resin under similar
thermal treatment (Hpure resin at 70◦C). Thus, the degree of cure
associated to the catalytic effect of the nanoclays αnano was
calculated based on the total heat of reaction generated
during cure of the nanocomposites and the one of the pure
resin:

αnano = 1−
(

Hblend

Hpure resin

)
, (9)

where, Hblend is the heat of reaction of the nanocharged
blend and Hpure resin the heat of reaction for the pure resin,
both at 70◦C and at the same dwell time. Figure 10 shows
the results of two MDSC tests of the sonicated blend (A1)
maintained at −18◦C and 70◦C during 24 hours. It can be
seen that the residual heat of reaction after thermal exposure
has decreased by 10% at −18◦C and by 17.6% at 70◦C.
This clearly indicates the influence of the nanoclays on the
cure reaction of the unsaturated polyester resin. Table 3
presents the resulting degree of cure αnano after exposing the
nanocomposites at these temperatures.

As for the HSM blend (B1), this catalytic effect of
nanoclays is very important. The degree of cure αnano reaches
18% after 1 h of exposition and 38.5% after 2 h at 70◦C.
After this point, the resin gels and it is no longer possible
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Figure 10: Heat of reaction of the sonicated 3% wt C30B
nanocharged resin exposed at 70◦C and maintained at −18◦C in
freezer (control) for 24 h. Catalyst added to the mix just before M-
DSC analysis.

to be add the catalyst. The differences in cure reaction
between the (A1) and (B1) blends can be attributed to an
increased dispersion and possible exfoliation of the HSM
blend. This catalytic effect of nanoclay platelets is probably
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due to the existence of attractive forces between the clay
and the polymer matrix. The cation-exchange capacity of
the nanoclay influences the cure reaction. This acceleration is
induced by the alkylammonium ions contained in the surface
treatment of the nanocharges [20].

Figure 11 shows the results of the measured degree of
cure αnano for (A1) and (B1) blends as a function of ex-
position time at 70◦C. A phenomenological autocatalytic
model was used to model the cure reaction of both blends.
The degree of cure was evaluated by an nth-order model as
follows [26, 34]:

dα

dt
= KA · (1− α)n, (10)

where α is the degree of polymerization, n the reaction order,
and KA the rate constant given by an Arrhenius temperature
dependence defined as

KA = K0 exp
( −EA
R · T

)
, (11)

where K0 is the Arrhenius constant, EA is the activation
energy, and R is the ideal gas constant. Equations (10) and
(11) are widely used to model the cure of many polymer
systems such as polyester and epoxies. This model is used
on the assumption that only one kind of reaction may
represent the whole cure process [34]. The parameters of
the proposed cure kinetics model were obtained by fitting
the experimental data extracted from M-DSC tests and
presented in Table 3. The coefficients of the two models
are shown in Table 4. As illustrated in Figure 11, there is
a good agreement between the M-DSC experiments and
the proposed models. This indicates that an autocatalytic
reaction of the polymer can be started due to the presence of
nanoclay particles. Moreover, these results demonstrate that
the degree of exfoliation accelerates the autocatalytic cure

Table 4: K and m constants of the autocatalytic model for UP
resin/nanoclay systems depending on the dispersion method.

T = 70◦C Sonication model HSM model

KA (1/min) 0.000875 0.00575

n 16.5 2.7

reaction. It is then concluded that the exfoliation of MMT
changes the cure rate of the UP resin tested on this work.
Similar results were reported in the past for epoxy resins [37].
This could also indicate that the interfacial region between
the clay and the polymer may dominate the properties of the
blend.

4. Conclusion

The scope of this work was to study the nanoclays dispersion
in an UP resin and by means of three different mixing tech-
niques. Rheology tests based on shear and SAOS experiments
revealed the differences between the manual mixing, sonica-
tion, and high shear mixing techniques. Notably, the shear
thinning behavior is a result of the morphological change of
the blend due to the rearrangement of the silicate nanoclays.
Furthermore the intercalated and exfoliated structure has
shown a gel-like structure of high shear mixed blends. This is,
however, a weak gel since tan δ is in the order of 10−1. This
gel-like structure is a direct consequence of the interaction
between the polymer and the nano-platelets leading to the
creation of a 3D network in the liquid.

The high shear mixing has the highest elastic modulus
(100 Pa) and initial viscosity (up to 250 Pa.s compared to
other mixing techniques). However, the viscosity decreases
at high shear rate due to the reorientation of the nanoclays.
The viscosity reaches 2 Pa.s at high shear which makes it
possible to process the blend by RTM. The dispersion was
also verified by SEM microscopy showing agglomerates of
10 microns for the manual mixing and less than 1 micron for
the high shear technique. The nanoclays seem also to have a
catalyst effect on the resin system, showing a reduction of the
gel time due to their exfoliation state. The neat resin showed
a gel time of 45 minutes whereas the 10 passes HSM blend
jellified at around 3 minutes. This phenomenon has to be
taken into account for proper composites molding. The DSC
study confirms the catalytic effect of the nanoclays showing a
degree of cure of 38.5% for the high shear mix after 2 hours
of exposition at a 70◦C.

This study illustrates how well-dispersed nanoclays in
UP resin bring many interesting structural changes in the
polymer matrix. This work also shows that processing may
be achievable since the time to orient the nanoparticles in the
direction of fluid flow is within seconds and the restructura-
tion to their initial random disorganized structure takes few
minutes. Future work will focus on the use of HSM technique
for manufacturing biocomposite parts improved by nanoclay
reinforcing of the bioresin.
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Abbreviations

FEG: Field emission gun (scanning electron
microscope)

G′: Elastic modulus
G′′: Loss modulus
HSM: High shear mixing
LCM: Liquid composite molding
LVE: Linear viscoelastic
M-DSC: Modulated differential scanning calorimetry
MMT: Montmorillonite
phr: Parts per hundred
RTM: Resin transfer molding
SCRIMP: Seeman composite resin infusion molding

process
SEM: Scanning electron microscopy
TEM: Transmission electronic microscopy
UP: Unsaturated polyester resin
VARI: Vacuum assisted resin infusion
% wt: Weight percentage
XRD: X-Ray diffraction
ω: Frequency (rad/s)
tan δ: Damping factor.

Acknowledgments

The authors acknowledge the support provided by the Chair
of High Performance Composite (CCHP) and the Center for
Applied Research on Polymers and Composites (CREPEC).
The financial contribution of the Natural Sciences and
Engineering Research Council of Canada (NSERC) is also
greatly appreciated.

References

[1] I. Ortega, Fabrication et caracterisation de nanocomposites a
matrice epoxy, M.S. dissertation, Ecole Polytechnique, Mon-
treal, Canada, 2008.

[2] S. Abend and G. Lagaly, “Sol-gel transitions of sodium mont-
morillonite dispersions,” Applied Clay Science, vol. 16, no. 3-4,
pp. 201–227, 2000.

[3] S. S. Ray and M. Okamoto, “Polymer/layered silicate nano-
composites: a review from preparation to processing,” Progress
in Polymer Science, vol. 28, no. 11, pp. 1539–1641, 2003.

[4] Y. Rao and T. N. Blanton, “Polymer nanocomposites with a
low thermal expansion coefficient,” Macromolecules, vol. 41,
no. 3, pp. 935–941, 2008.

[5] D. Dean, A. M. Obore, S. Richmond, and E. Nyairo, “Mul-
tiscale fiber-reinforced nanocomposites: synthesis, processing
and properties,” Composites Science and Technology, vol. 66,
no. 13, pp. 2135–2142, 2006.

[6] S. S. Ray, “Rheology of polymer/layered silicate nanocompos-
ites,” Journal of Industrial and Engineering Chemistry, vol. 12,
no. 6, pp. 811–842, 2006.

[7] S. Zainuddin, M. V. Hosur, Y. Zhou, A. Kumar, and S. Jee-
lani, “Durability study of neat/nanophased GFRP composites
subjected to different environmental conditioning,” Materials
Science and Engineering A, vol. 527, no. 13-14, pp. 3091–3099,
2010.

[8] A. Lele, M. Mackley, G. Galgali, and C. Ramesh, “In situ rheo-
x-ray investigation of flow-induced orientation in layered

silicate-syndiotactic polypropylene nanocomposite melt,”
Journal of Rheology, vol. 46, no. 5, pp. 1091–1110, 2002.

[9] C.-K. Lam, K.-T. Lau, H.-Y. Cheung, and H.-Y. Ling, “Effect of
ultrasound sonication in nanoclay clusters of nanoclay/epoxy
composites,” Materials Letters, vol. 59, no. 11, pp. 1369–1372,
2005.

[10] S. Lakshminarayanan, B. Lin, G. A. Gelves, and U. Sundararaj,
“Effect of clay surfactant type and clay content on the ehe-
ology and morphology of uncured Fluoroelastomer/clay na-
nocomposites prepared by melt-mixing,” Journal of Applied
Polymer Science, vol. 112, no. 6, pp. 3597–3604, 2009.

[11] Y. Zhong and S.-Q. Wang, “Exfoliation and yield behavior
in nanodispersions of organically modified montmorillonite
clay,” Journal of Rheology, vol. 47, no. 2, pp. 483–495, 2003.

[12] I. Ortega, C. Billotte, and E. Ruiz, “Thermo-mechanical and
rheologicalcharacterization of various epoxy-based nanocom-
posites for high performance composites,” in Proceedings of
the 4th International Symposium on Polymer Nanocomposites
Science and Technology, Quebec, Canada, 2007.

[13] J. Ren, B. F. Casanueva, C. A. Mitchell, and R. Krishnamoorti,
“Disorientation kinetics of aligned polymer layered silicate
nanocomposites,” Macromolecules, vol. 36, no. 11, pp. 4188–
4194, 2003.

[14] R. Krishnamoorti, J. Ren, and A. S. Silva, “Shear response of
layered silicate nanocomposites,” Journal of Chemical Physics,
vol. 114, no. 11, pp. 4968–4973, 2001.

[15] C. Mobuchon, P. J. Carreau, and M.-C. Heuzey, “Structural
analysis of non-aqueous layered silicate suspensions subjected
to shear flow,” Journal of Rheology, vol. 53, no. 5, pp. 1025–
1048, 2009.

[16] R. Prasad, V. Pasanovic-Zujo, R. K. Gupta, F. Cser, and S.
N. Bhattacharya, “Morphology of EVA based nanocomposites
under shear and extensional flow,” Polymer Engineering &
Science, vol. 44, no. 7, pp. 1220–1230, 2004.

[17] J. Ren, A. S. Silva, and R. Krishnamoorti, “Linear viscoelastic-
ity of disordered polystyrene—polyisoprene block copolymer
based layered-silicate nanocomposites,” Macromolecules, vol.
33, no. 10, pp. 3739–3746, 2000.

[18] R. Krishnamoorti and K. Yurekli, “Rheology of polymer
layered silicate nanocomposites,” Current Opinion in Colloid
and Interface Science, vol. 6, no. 5-6, pp. 464–470, 2001.

[19] E. Ruiz and C. Billotte, “Predicting the cure of thermosetting
polymers: the isoconversion map,” Polymer Composites, vol.
30, no. 10, pp. 1450–1457, 2009.

[20] O. Becker, Y.-B. Cheng, R. J. Varley, and G. P. Simon,
“Layered silicate nanocomposites based on various high-
functionality epoxy resins: the influence of cure temperature
on morphology, mechanical properties, and free volume,”
Macromolecules, vol. 36, no. 5, pp. 1616–1625, 2003.

[21] B. Gholizadeh, A. Arefazar, and J. Barzin, “Polycarbon-
ate/polyamide 6/nanoclay ternary nanocomposite mem-
branes: preparation, characterisation, and gas separation
properties,” Polymers and Polymer Composites, vol. 17, no. 3,
pp. 181–187, 2009.

[22] D. H. Yu, B. Wang, Y. Feng, and Z. P. Fang, “Investigation of
free volume, interfacial, and toughening behavior for cyanate
ester/bentonite nanocomposites by positron annihilation,”
Journal of Applied Polymer Science, vol. 102, no. 2, pp. 1509–
1515, 2006.

[23] G. Choudalakis, A. D. Gotsis, H. Schut, and S. J. Picken, “The
free volume in acrylic resin/laponite nanocomposite coatings,”
European Polymer Journal, vol. 47, no. 3, pp. 264–272, 2011.

[24] F. Roman, S. Montserrat, and J. M. Hutchinson, “On the
effect of montmorillonite in the curing reaction of epoxy



12 Journal of Nanomaterials

nanocomposites,” Journal of Thermal Analysis and Calorime-
try, vol. 87, no. 1, pp. 113–118, 2007.

[25] E. Ruiz and F. Trochu, “Multi-criteria thermal optimization
in liquid composite molding to reduce processing stresses and
cycle time,” Composites Part A:, vol. 37, no. 6, pp. 913–924,
2006.

[26] E. Ruiz, F. Waffo, J. Owens, C. Billotte, and F. Trochu, “Mod-
eling of resin cure kinetics for molding cycle optimization,” in
Proceedings of the International Conference in Flow Processes in
Composite Materials (FPCM ’06), Ecole des Mines de Douai,
Douai, France, 2006.

[27] W. K. Goertzen, X. Sheng, M. Akinc, and M. R. Kessler,
“Rheology and curing kinetics of fumed silica/cyanate ester
nanocomposites,” Polymer Engineering & Science, vol. 48, no.
5, pp. 875–883, 2008.

[28] K. C. Cole, J. J. Hechler, and D. Noel, “A new approach
to modeling the cure kinetics of epoxy amine thermosetting
resins. 2. Application to a typical system based on bis[4-
(diglycidylamino)phenyl]methane and bis(4-aminophenyl)
sulfone,” Macromolecules, vol. 24, no. 11, pp. 3098–3110, 1991.

[29] T. Lan, P. D. Kaviratna, and T. J. Pinnavaia, “Epoxy self-
polymerization in smectite clays,” Journal of Physics and
Chemistry of Solids, vol. 57, no. 6–8, pp. 1005–1010, 1996.

[30] L. Botta, R. Scaffaro, F. P. L. A. Mantia, and N. T. Dintcheva,
“Effect of different matrices and nanofillers on the rheological
behavior of polymer-clay nanocomposites,” Journal of Polymer
Science, Part B, vol. 48, no. 3, pp. 344–355, 2010.

[31] F. Bensadoun, N. Kchit, C. Billotte, S. Bickerton, F. Trochu,
and E. Ruiz, “A study of nanoclay reinforcement of bio-
composites made by liquid composite molding,” International
Journal of Polymer Science, vol. 2011, Article ID 964193, 10
pages, 2011.

[32] C. H. Dan, M. H. Lee, Y. D. Kim, B. H. Min, and J. H. Kim,
“Effect of clay modifiers on the morphology and physical
properties of thermoplastic polyurethane/clay nanocompos-
ites,” Polymer, vol. 47, no. 19, pp. 6718–6730, 2006.

[33] F. A. Morrison, Understanding Rheology, Oxford University
Press, New York, NY, USA, 2001.

[34] E. Ruiz and F. Trochu, “Thermomechanical properties during
cure of glass-polyester RTM composites: elastic and viscoelas-
tic modeling,” Journal of Composite Materials, vol. 39, no. 10,
pp. 881–916, 2005.

[35] M. Hamdine, M.-C. Heuzey, and A. Bégin, “Effect of organic
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Fluorinated silane functionalized superhydrophobic pullulan/poly(vinyl alcohol) (PULL/PVA) blend membrane with water con-
tact angle larger than 150◦ has been prepared by the electrospinning method. The morphology, thermal stability, and mechanical
property of the membranes are characterized using scanning electron microscopy (SEM), thermogravimetric analysis (TGA), and
ZWICK materials testing machine, respectively. Interactions between PULL and PVA and PULL/PVA blends with perfluorooctyl-
triethoxysilane (PFOTES) of the membranes are analyzed using differential scanning calorimetry (DSC) and Fourier transform in-
frared (FTIR). Contact angles and water drops on the surface of the membrane are measured by video microscopy. The study shows
that the addition of minor quantity of PVA with PULL results in improvement in thermal stability and mechanical property (tensile
strength) of the PULL membranes.

1. Introduction

The wettability of a solid surface is an interesting property
of a material and is described as the contact angle between
a liquid and a solid surface. When the contact angle between
water and a solid surface is larger than 150◦, this solid surface
is called a superhydrophobic surface [1]. Superhydrophobic
surfaces are widely found in nature. For example, the surface
of a lotus leaf is observed to be an array of nanoscale buds
[2]. Water drops on the surface of the leaf tend to slide down,
rendering its self-cleaning property. The surfaces which
mimic “lotus effect” have triggered extensive interests for
their potential applications involving water repellency, self-
cleaning, and antifouling properties [3–6]. Generally, the hy-
drophobicity of surfaces depends on both their chemi-
cal composition and surface geometrical structure [7]. In
terms of chemical composition, hydrophobicity can only be
increased by introducing a component with low surface
energy such as fluorinated methyl groups. However, this
method to increase hydrophobicity is limited.

The maximum contact angle that can be reached by coat-
ing fluorinated methyl groups onto a flat solid surface is
only 120◦, which can be hardly called superhydrophobic [8].
Therefore, a hierarchical structure is introduced into the
solid surface to achieve superhydrophobicity. A number of
methods have been used to make a hierarchical superhy-
drophobic surface including phase separation [9], electro-
chemical deposition [10], chemical vapor deposition [11],
crystallization control [12], photolithography [13], assembly
[14], sol-gel methods [15], solution-immersion methods
[16], and array of nanotubes/nanofibers [17, 18].

Electrospinning is a simple but versatile method to pro-
duce continuous fibers with diameters ranging from na-
nometer to submicron scale. Superhydrophobic surfaces can
be obtained through this process by controlling the surface
roughness under appropriate conditions [19, 20]. Superhy-
drophobic polystyrene nanofibers were electrospun by either
using various solvents [8] or adding room temperature
ionic liquid [21]. Cellulose triacetate fibrous mat [22]
and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
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fibrous surfaces [23] are fabricated using electrospun fibers
followed with plasma treatment. Electrospun nanofibers
from the blending solution of fully hydrolyzed medium
molecular weight poly(vinyl alcohol) and high-molecular-
weight poly(vinyl alcohol) with montmorillonite were fab-
ricated [24].

Pullulan is a natural polymer with excellent biocompat-
ibility. The use of natural polymer has created tremendous
interest recently, for example, as proteins in biotechnological
materials and biomedical applications [25]. However, only
few reports are available in the literature regarding super-
hydrophobic PULL membrane prepared by electrospinning.
Pullulan’s solubility can be controlled or provided with reac-
tive groups by chemical derivatization. Due to its excellent
properties, pullulan is used as a low-calorie ingredient in
foods, gelling agent, coating and packaging material for
food and drugs, binder for fertilizers, and as an oxidation-
prevention agent for tablets. Other applications include
contact lenses manufacturing, biodegradable foil, plywood,
water solubility enhancer, and for enhancing oil recovery
[26–29].

Poly(vinyl alcohol) (PVA) is a semicrystalline hydrophilic
polymer with good chemical and thermal stability. It is a
highly biocompatible and nontoxic polymer and it can be
processed easily; it also has high water permeability. PVA can
form physical gels in various types of solvents which lead to
the use of PVA in a wide range of applications in medical,
cosmetic, food, pharmaceutical, and packaging industries
[30–36].

Polymer blending constitutes a very useful method for
the improvement or modification of the physicochemical
properties of polymeric materials. An important property of
a polymer blend is the miscibility of its components because
it affects the mechanical properties, the morphology, and the
permeability and degradation. Polymer blends are physical
mixtures of structurally different polymers or copolymers
that interact with secondary forces with no covalent bonding
[37], such as hydrogen bonding, dipole-dipole forces, and
charge-transfer complexes for homopolymer mixtures [38–
40].

In our previous report, we prepared fluorinated silane
functionalized pullulan superhydrophobic membrane using
electrospinning technique [41]. In this study, fluorinated
silane functionalized superhydrophobic PULL/PVA blend
membranes are made to enhance the thermal stability and
mechanical property (tensile strength) of PULL membranes
by applying the same technique.

2. Experimental

2.1. Materials. Pullulan is a food grade preparation (PF-20
grade) from Hayashibara Biochemical Laboratories Inc.
(Okayama, Japan), PVA with Pn = 1,700 (fully hydrolyzed,
degree of saponification = 99.9%) was obtained from DC
Chemical, Seoul, Republic of Korea and perfluorooctyltri-
ethoxysilane (PFOTES) is purchased from Aldrich Chemical
Company. Doubly distilled water is used as a solvent to pre-
pare all solutions.

2.2. Preparation of PULL/PVA/PFOTES Blend Solutions. The
PULL/PVA solutions (total polymer concentrations are 9 and
12 wt.%) with 80/20 mass ratio were prepared in doubly dis-
tilled water at 80◦C temperature under magnetic stirring for
2-3 h. The PULL/PVA/PFOTES blend solutions were pre-
pared by mixing of the PULL/PVA solutions with 1 wt.% of
PFOTES with gently stirred for further 24 h. The formed
solutions were then used for the preparation of membranes
using electrospinning technique.

2.3. Membrane Preparation by Electrospinning. During elec-
trospinning, each solution was continuously supplied using
a syringe pump with a speed of 0.04 mL/h through a 25G
needle producing a Taylor cone. A high power voltage
(15 kV) was supplied to the solution with a tip-to-collector
distance of 15 cm. Membranes were collected on electrically
grounded aluminum foil placed at a vertical distance to the
needle tip. Trace amount of PFOTES does not affect the
electrospinnability of PULL/PVA blend solution.

2.4. Characterization of Membranes. The water contact an-
gles of the membranes were measured using video mi-
croscopy. Using a microsyringe, 5 μL deionized water was
dropped perpendicularly to each surface of the membranes
placed on a horizontal glass sheet. Then, the images of water
drops on the surface of the membranes were observed using
Scalar Video Loupe (VL-11s) and analyzed using the Sigma
TV II program. Membranes were also characterized with
FTIR (IFS 120HR, Bruker) and DSC (model Q-10) from TA
instruments, USA. The morphology, thermal stability, and
mechanical property (tensile strength) of membranes were
observed with a field-emission scanning electron microscope
(JEOL, model JSM-6380) after gold coating, TGA technique
(model Q-50; TA Instruments, USA), and ZWICK Z005
(ZWICK materials testing machine, Germany), respectively.

3. Results and Discussion

3.1. DSC Data of Membranes. Figure 1 illustrates the DSC
thermograms of pure PULL, PVA, and electrospun
PULL/PVA blend membrane with 80/20 mass ratio at a total
polymer concentration of 9 wt.%. A relatively large and sharp
endothermic peak is observed at about 224◦C (Figure 1(a))
and is assigned to the melting temperature of pure PVA,
which has a number-average degree of polymerization of
1700, which agrees very well with reported data [42]. This
peak is shifted to 206.50◦C with the addition of 80 wt.%
PULL (Figure 1(b)), and this shifts the melting temperature
to lower value; this occurred because of the addition of
PULL whose melting temperature changes from 95 to 84◦C
(Figure 1(b)). This is because the majority of the chains
are in a noncrystalline state due to the rapid solidification
process of stretched chains during electrospinning. Pure
PULL shows a large thermogram peak of melting transition
(Tm) at 95◦C (Figure 1(c)).

The interactions between PULL/PVA blending and
PFOTES of membranes are investigated by DSC. Figure 2
shows the DSC thermogram of PULL/PVA/PFOTES blend
membrane with 1 wt.% of PFOTES contents and 80/20 mass
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Figure 1: DSC data of (a) PVA, (b) PULL/PVA blend membrane
using electrospinning method (Applied voltage = 15 kV, TCD=
15 cm, Blend ratio (PULL/PVA) = 80/20, and Total polymer con-
centration = 9 wt.%), and (c) PULL.
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Figure 2: DSC data of PULL/PVA blend membranes (a) without
PFOTES, and (b) with PFOTES using electrospinning method
(Applied voltage = 15 kV, TCD = 15 cm, Blend ratio (PULL/PVA)=
80/20, and Total polymer concentration = 9 wt.%).

ratio of those two polymers at a total polymer concentration
of 9 wt.%. Without PFOTES, PULL/PVA membrane shows
two thermogram peaks of melting transitions (Tm) at 84◦C,
and 206.50◦C (Figure 2(a)). These peaks are shifted to
88.5◦C and 208◦C with the addition of 1 wt.% PFOTES
(Figure 2(b)). The DSC thermograms for the membranes
show clearly the melting transitions of the PULL/PVA blend
membrane, in which there are significant effects of the
PFOTES content. The dramatic changes of Tm of the com-
posite membranes can be attributed by the introduction of
CF3 groups into heteroatom (O atom) containing hydropho-
bic carbon ring of PULL and hydrophobic carbon chain of
PVA.
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Figure 3: FTIR data of PULL/PVA blend membrane with various
weight ratios of (a) 100/0, (b) 80/20, and (c) 60/40 using electro-
spinning method (Applied voltage = 15 kV, TCD = 15 cm, and Total
polymer concentration = 9 wt.%).

3.2. FTIR Data of Membranes. FTIR spectra give information
about the structure of blend membranes studied. In Figure 3,
examples of spectra of pure PULL and PULL/PVA blend
membranes at 500–4000 cm−1 range are shown. Pure PULL
membrane exhibits identical bands as shown in Figure 3(a).
Strong absorption in 850 cm−1 is characteristic of the
a-glucopyranoside units. Absorption in 755 cm−1 indicates
the presence of α-(1,4) glucosidic bonds, and spectra in
932 cm−1 proves the presence of α-(1,6) glucosidic bonds.
Besides, in the areas for reference and evaluated samples the
frequencies are analogous [43]. Bands at 2850–3000 cm−1

are due to stretching vibrations of CH and CH2 groups
and bands attribute to CH/CH2 deformation vibrations are
present at 1300–1500 cm−1 range. Also very intensive, broad
hydroxyl band occurs at 3000–3600 cm−1 and accompanying
C–O stretching exists at 1000–1260 cm−1. With the addition
of PVA, some absorption peaks of PULL become lower
in intensity, whereas some absorption peaks at 1096 and
1447 cm−1 appear and the intensity of these peaks increases
with augmenting the concentration of PVA (Figures 3(b) and
3(c)). This suggests that hydrogen bonds between hydroxyl
groups in PULL and hydroxyl groups in PVA could possibly
play a role in the shift of the peaks. Thus, the FTIR spec-
troscopy supports the interactions between PULL and PVA,
which are suggested above. Moreover, the absorption peaks
which appeared at 1145 cm−1, 1235 cm−1, and 1430 cm−1

are attributed to the vibrations of CF2 and CF3 groups in
PFOTES and the absorption peaks at 700–800 cm−1 are due
to the vibration of Si–O groups in the silanes (Figure 4(b)).
Thus, the FTIR spectroscopy supplies also evidences of pos-
sible interactions between PULL/PVA blend and PFOTES,
which are suggested by DSC.

3.3. TGA Data of Membranes. Thermal stability of
PULL/PVA membranes is measured using TGA in nitrogen
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Figure 4: FTIR data of PULL/PVA blend membranes (a) without
PFOTES, and (b) with PFOTES using electrospinning method
(applied voltage= 15 kV, TCD= 15 cm, blend ratio (PULL/PVA)=
80/20, and total polymer concentration = 9 wt.%).

Table 1: Tensile strength of PULL/PVA blend membranes as a func-
tion of PVA contents using electrospinning method (applied voltage
= 15 kV, TCD = 15 cm, and total polymer concentration = 9 wt.%).

PVA content (wt.%) Tensile strength (MPa)

0 5.12 ± 0.25

5 5.27 ± 0.25

10 5.42 ± 0.25

15 5.54 ± 0.25

20 5.65 ± 0.25

atmosphere. Figure 5 shows TGA thermograms of different
decomposition temperature with PULL/PVA mass ratios
of 100/0, and 80/20. The below curve of the TGA data
(Figure 5(a)) represents the pure PULL membrane and the
upper curve (Figure 5(b)) is for 80/20 blend ratio of PULL/
PVA. Clearly, it can be seen that higher thermal stability of
the membranes could be with the addition of PVA in the
PULL/PVA blend system.

3.4. Tensile Strength. Some of the fascination with the behav-
ior of polymers comes from the large changes in the physical
properties and the wide range of mechanical behaviours [44].
The tensile strength of the PULL/PVA blend membranes
increases with augmenting the weight percentage of PVA, as
shown in Table 1.

3.5. Water Contact Angles of Membranes. Membranes pre-
pared by electrospinning method have much higher contact
angle because of the high surface area of the formed fibers
that ranges from nanometer to submicron scale. As shown
in Figure 6(a), nanofibers electrospun using total polymer
concentration 9 wt.% contain a large number of beads in
nanometer size (500–1000 nm), whereas less number of
beads containing nanofibers can be electrospun using total
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Figure 5: TGA data of PULL/PVA blend membrane with weight
ratios of (a) 100/0 and (b) 80/20 using electrospinning method
(applied voltage = 15 kV, TCD = 15 cm, and total polymer concen-
tration = 9 wt.%).

polymer concentration of 12 wt.%, and 9 wt.% and 12 wt.%
of total polymer concentrations coupled with PFOTES
applying the same parameters as shown in Figures 6(b), 6(c),
and 6(d), respectively. The obtained nanofibers are ranged
from 200 to 800 nm. The reason for different bead contents
in each concentration is that the Rayleigh forces, which
assist in bead formation, are able to overcome the viscous
forces to enable the formation of beads [45]. Moreover,
strong interaction between PULL/PVA blends and PFOTES
is attributed to the formation of less number of beads in
the fibers. The interaction between PULL/PVA blends and
PFOTES can be put forward as a cause to two factors.

First, the introduction of hydrophobic CF3 groups on the
heteroatom (O atom) containing hydrophobic carbon ring
of PULL and hydrophobic carbon chain of PVA and the
second factor is the interaction obtained from the formation
of hydrogen bonding between polar hydrogen of –OH group
of PULL and PVA with O of PFOTES. Although contact
angles of up to 147◦ (Figure 6(a)) and 142◦ (Figure 6(b)) can
be reached by directly electrospinning of 9 wt.% and 12 wt.%
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Figure 7: Variation of water contact angle with different compo-
sitions of PULL/PVA blend polymers of (1) 9 wt.% total polymer
concentration (TPC), (2) 12 wt.% total polymer concentration
(TPC), (3) 9 wt.% TPC with PFOTES, and (4) 12 wt.% TPC with
PFOTES (blend ratio, PULL/PVA = 80/20).

Table 2: Water contact angles of the prepared membranes.

Samples
PULL/PVA blend ratio

(by wt.%)
Water contact

angles

9 wt.% TPC 147 ± 0.25

12 wt.% TPC
80/20

142 ± 0.15

9 wt.% TPC/PFOTES 155 ± 1.0

12 wt.% TPC/PFOTES 152 ± 0.5

TPC: total polymer concentration.

of total polymer concentration solutions, respectively, the
membranes can not still be considered as superhydropho-
bic membranes. Therefore, 9 wt.% and 12 wt.% of total
polymer concentration solutions coupled with PFOTES are
used to successfully prepare superhydrophobic membranes
with high-contact angles of 155◦ (Figure 6(c)) and 152◦

(Figure 6(d)), respectively. Water contact angles of all sam-
ples taken in this experiment are shown in Figure 7 (data
are given in Table 2). Higher contact angle of 9 wt.% of total
polymer concentration than that of 12 wt.% total polymer
concentration can be explained on the basis of surface
roughness like lotus leaf [2] due to the more bead formation
in case of 9 wt.%.
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4. Conclusions

Superhydrophobic PULL/PVA membranes are prepared by
electrospinning from fluorinated silane functionalized
PULL/PVA blends. It is observed that both of 9 wt.% and
12 wt.% of total polymer concentration membranes can
only reach contact angles lower than 150◦ by electrospinning
of PULL/PVA blends without using PFOTES. Superhy-
drophobic membranes with contact angles of up to 155◦ and
152◦ can be achieved by electrospinning of 9 wt.% and
12 wt.% of total polymer concentration solutions coupled
with fluorinated silane, respectively. Moreover, thermal sta-
bility and mechanical property of the PULL membranes has
been enhanced with the introduction of PVA.
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Polyvinyl chloride- (PVC-) based nanocomposites containing nanosized graphite and nickel nanoparticles (GN) as conductive
fillers to achieve positive temperature coefficient of resistance (PTCR) thermistors and self-regulating heater function have been
successfully fabricated. The microstructure of the foliated graphite and nanocomposites was examined by scanning electron
microscopy (SEM). The effect of GN content on the static electrical conductivity, carrier’s mobility, and number of charge carriers
of the nanocomposites was studied. The applicability of nanocomposites as PTCR thermistors was examined by monitoring the
conductivity as a function of temperature. It is found that the conduction mechanism in PVC/GN nanocomposites is governed
by tunneling mechanism. Also, the applied voltage versus current and temperature were studied to check the applicability of
composites as self-regulating heater. The results show that the PVC/GN nanocomposites might have potential applications in
PTCR devices, self-regulating heater, and temperature sensors.

1. Introduction

The design and applications of electroactive conductive
polymer nanocomposites in the electrical and electronic
fields have significantly affected the modern technology
and added a new dimension to scientific interest [1–3].
The most economical route for fabrication of electro
active conducting polymer composites is the inclusion of a
conductive filler such as carbon black, carbon nanotubes,
graphite, metal powders, ceramic oxides, polyaniline, and
others in an insulating polymer matrix and subsequent
compaction by compression molding [4–8]. These electro
active nanocomposites attracted great interests due to their
potential applications in various hi-tech aspects, for example,
positive and/or negative temperature coefficient of resistance
(PTCR/NTCR) thermistors [9], electrochemical displayers

[10], sensors [11, 12], catalysis [13], redox capacitors
[14], electromagnetic shielding [15, 16], radar evasion [17],
rechargeable batteries [18, 19], conductive inks and antistatic
textiles [20, 21], and aero space [3, 12] as well as in secondary
battery and bipolar plates in the polymer electrolyte
membrane fuel cell, and so forth [20]. A PTCR composite
is a grain-boundary resistive effect which is characterized
by an increase in resistivity with increasing temperature
[14–16]. The traditionally thermistor materials irrespective
of its applications can be broadly divided into three
categories, namely, metals (such as titanium and platinum),
semiconductors (such as Si, Ge, and SiC), and ceramic
oxide semiconductors (like single- and multicomponent
oxides) [17, 18]. The use of traditional thermistors has been
confined because of the low room temperature conductivity
and the oxidation of the metallic particles that severely limits
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the current flow [11, 19]. Furthermore, when particulate
fillers such as carbon black and metal are added to polymeric
systems, a huge increase in the melt viscosity is observed
which makes the melt processing of the composites more
difficult and disrupts the mechanical properties restricting
their application of thermistors [21]. Recently, the demand of
PTCR composites with high room temperature conductivity
is rising in markets, in a wide range of applications especially
in automobiles that need PTCR materials with large current
carrying capacity [14], self-regulating heater [18], protection
circuits [19], temperature sensors [8, 15], infrared radiation
detector sensors, flow meters [5], current limiters [7],
temperature controlled heater [10], ambient thermal state
indicators [11], and so on. To our best knowledge, there
have been no reported investigation of the PTCR thermistors
and self-regulating heater from dispersed dual conducting
phases foliated graphite and nickel nanoparticles (GN)
into polyvinyl chloride (PVC) matrix. In the current study,
our investigations are focused on the fabrication and
development of newly electrically conducting PVC-based
composites, containing multicomponent fillers (i.e., GN)
and on the possibilities for their potential application in
PTCR thermistors devices and self-regulating heater.

2. Experimental Details

2.1. Materials. Natural flake graphite purchased from Shan-
dong Qingdao Graphite Company (Qingdao, China) with
an average diameter of 500 μm is used for preparing the
expanded graphite (exfoliated). Commercially concentrated
sulfuric and nitric acids obtained from Egyptian Chemical
Company, Cairo, Egypt, were used as chemical intercalate
and oxidizer to prepare exfoliated graphite. 95% (v/v) alco-
hol and distilled water were used as solvents for preparation
of foliated (nanosheets) graphite. Polyvinyl chloride (PVC)
with an average molar mass number being 2000 was supplied
from Tokyo Chemical Industry Co., Ltd., Tokyo, Japan.
Nickel powder was supplied by Wako Chemical Company
with particle size of 10 micrometers.

2.2. Preparation of Exfoliated Graphite. Natural flake graphite
was first dried in a vacuum oven for 24 h at 120◦C. Then, a
mixture of concentrated sulfuric and nitric acids (ratio 3 : 1,
v/v) was slowly added to a glass flask containing graphite
flakes with vigorous stirring. After 36 h of reaction, the
acid-treated graphite flake was filtered and washed with
deionized water until the pH level of the solution reached
6.6. After being dried at 100◦C for 72 h, the resulting graphite
intercalation compound was subjected to a thermal shock at
1050◦C for 30 seconds in a muffle furnace to form exfoliated
(expanded) graphite.

2.3. Preparation of Graphite Nanosheets. 1 g of exfoliated
graphite was mixed and saturated with 400 mL alcohol
solution consisting of alcohol and distilled water with a
ratio of 68 : 32 for 24 h. The mixture was then subjected
to ultrasonic irradiation with a power of 400 watt for 24 h.
After 24 h of sonication, exfoliated graphite particles were

effectively fragmented into foliated (nanosheets) graphite.
The foliated graphite dispersion was then filtered and dried at
100◦C to remove residual solvents. The as-prepared foliated
graphite powder will be called graphite nanosheets (G)
throughout the paper.

2.4. Preparation of Nickel Nanoparticles. The starting mate-
rial for ball milling is Ni powder (250 mesh) with purity
above 99.9%. The Ni powder was placed in a stainless steel
vial with stainless steel balls of 10 mm diameter. The ball-to-
powder ratio 20 : 1 was used in the planetary mill (Marconi
MA 350 ball mill) at 400 rpm under argon atmosphere for
6 h to obtain nickel nanoparticles (N).

2.5. Preparation of Conducting PVC-Based Nanocomposites.
The conducting fillers are composed of graphite nanosheets
(thickness: 30–50 nm) with an average thickness of about
40 nm (the number of sheets in the platelets is 100) and Ni
with an average particles size of 12 nm. First, the as-prepared
graphite nanosheets and nickel nanoparticles 80/20 wt%
were mixed together in a kitchen machine Philips mixer for
1 h. Second the as-received conducting mixture was added to
the PVC matrix and mixed for 30 min. Then the mixtures
were transferred to a hot press and tested samples were
prepared at pressure of 40 KN/m2 and temperature of 180◦C
for 30 min. Several batches of PVC/GN weight ratios were
considered: 97 : 03, 96 : 07, 91 : 09, and 88 : 12, respectively,
and abbreviated as GN3, GN6, GN9, and GN12, respectively.

2.6. Characterization and Tests. Scanning Electron Micro-
scopy (SEM) micrographs and energy dispersive X-ray
analysis (EDX) spectra were obtained with a JEOL JSM
6400 scanning electron microscope equipped with a Link
analytical system. The electron energy used was 15 keV. The
specimens were coated with carbon using a vacuum evapo-
rator (JEOL, GEE 500). The specific electrical conductivity
temperature dependence was performed for the composites
by dc two-probe method using a computer-aided system in
the temperature range from 22◦C to 150◦C in air. The current
was measured through the sheet sample under a steady
constant voltage using a digital Keithley 642 electrometer.
The two sides of the samples were bended with Cu rod
during curing process to reduce the contact resistance.
Hall effect measurement was used to determine the carrier
type, concentration, and mobility. The measurements were
performed using the van der Pauw configuration under
direct current ranging from 2× 10−3 to 4× 10−4A, and the
applied magnetic field was 0.33 T. The equipment used for
this purpose was a Keithley source meter (model 231). The
current-voltage (I − V) characteristic curves were measured
with a precision semiconductor parameter analyser (Keithley
442 source measure unit). Silver paste was used to ensure a
good contact of the sample surface with copper electrodes.
The temperature for each applied voltage on the sample was
measured by thermocouple embedded inside the samples
during compression molding. The dielectric constant of the
composite specimen was obtained from the capacitance of
the specimen, the area of Ag electrode, and the thickness
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Figure 1: (a) SEM images of graphite nanosheets prepared after 24 h ultrasonic treatment and (b) SEM image of GN12 sample magnification
with 10 x 0000. (c) SEM image of GN12 sample magnification with 1000 and (d) EDX pattern recorded for GN nanoparticles.

of the composite specimen. Circular-shaped samples with
20 mm diameter and ca. 1.3 mm thickness were prepared for
dielectric measurement. Silver paste was used to coat the two
sides of the specimen as electrodes. The capacitance of the
specimen was measured with a network analyzer (E38362B)
at frequency of 100 Hz. The specific heat capacity (Cp)
of the samples was calculated using differential scanning
calorimeter measurements (Perkin-Elmer DSC-2; Perkin
Elmer Cetus Instruments, Norwalk, CT) using sapphire as
the reference material.

3. Results and Discussion

3.1. Network Structure Observation of Nanocomposites. SEM
observations from cross-sections of foliated graphite were
performed to understand the microstructure occurrence

during intercalation. Figure 1(a) shows the SEM image of
foliated graphite nanosheets prepared based on 24 h ultra-
sonic irradiation. It is clearly apparent that the exfoliated
graphite worms have been completely torn into foliated,
named graphite nanosheets. The powder has an apparent
density of about 0.015 g/cm3, much lower than the mass
density of the original natural flake graphite which is
2.2 g/cm3 [1, 7].

Generally, the entire concept of electrical properties
like percolation and PTCR behavior in nanocomposite
thermistors is mainly dependent on microstructure and filler
aspect ratio [5, 21]. The surface morphology of foliated
graphite and the composites was examined by scanning
electron microscopy. Typical SEM micrograph of GN12 with
different magnification is depicted in Figures 1(b) and 1(c).
As can be seen, the GN nanoparticles have good affinity and
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Figure 2: Electrical conductivity (σ), carriers mobility (μ), and
number of charge carriers (N) versus GN content in the PVC/GN
nanocomposites.

entanglements to PVC matrix. The PVC matrix is absorbed
and/or coated into the galleries of GN, and the presence
of GN in the interfacial regimes between PVC particles
shows the nanocomposites without distinguishing individual
phases and forming a network of conductive paths. On
the other hand, in continuous phase of composites, GN is
bonded and entangled well among particles, and bonded
particles show uniform layered structure. The uniformity in
the continuous phase of composites yield a higher electrical
conductivity as confirmed later in this paper.

Figure 1(d) shows the EDX pattern recorded for GN
nanoparticles. The strong peaks for graphite and nickel were
noted in the spectrum. No other impurities such as sulfur
and nitrogen were detected confirming the high purity of
graphite nanosheets. The elemental analysis for graphite and
nickel was shown to have an average atomic percentages for
G : Ni as 80 : 20, consistent with the elemental stoichiometric
ratio of starting materials.

3.2. Static Electrical Properties. Electrical conductivity is
the most sensitive method to monitor the continuity of the
conductive filler phase in the entire host polymer matrix [20,
21]. Static electrical conductivity of green PVC and PVC/GN
nanocomposites at room temperature of about 25◦C is
depicted in Figure 2. Green PVC is electrically nonconductive
with a volume conductivity of less than 10−16 S/cm in dry
state at room temperature [2, 3]. It is observed that

the electrical conductivity increases with increasing GN
concentration into composites. Higher content of PVC
insulating matrix can block the electrically conductive
path. The increase in the conductivity of the composite is
attributed to the formation of graphite-nickel clusters [1, 2].
With increasing the GN content in composite, electrical
conductivity increases continuously, this depends upon the
conductive path or contact distance between conductive
particles [1, 2]. At higher content of GN, every GN particle is
connected to neighboring GN particle that forms surface-to-
surface interaction. Therefore, GN in the composite forms
a full conductive network because GN particles have ability
to tangle with each other owing to their porous structure
[4, 7].

It is interesting to note that the low percolation threshold
in the PVC nanocomposites indicates that the GN nanopar-
ticles have maintained their large aspect ratios during
processing and form an electrically conductive network
throughout the PVC matrix as confirmed by SEM images in
Figures 1(b) and 1(c). The percolation threshold of PVC/GN
nanocomposites is 1 wt%. The percolation threshold for the
electrical conductivity strongly depends on the geometry
and high aspect ratio of the conducting fillers [8]. Fillers
with elongated geometry such as fibers or sheets can be
used to achieve very low percolation threshold value, due
to the fact that fibers or sheets with higher aspect ratios
have great advantage over spherical or elliptical fillers in
forming conducting networks in polymer matrices [7, 8].
This advantage in forming conducting network can be
explained by excluded volume theory. The excluded volume
of an object is defined as a volume around an object into
which the center of another similar object is not allowed if
overlapping of the two objects is to be avoided. The more
extreme the geometry of the filler particle, the larger its
excluded volume [11–14]. The larger the excluded volume,
the lower the percolation threshold. These high-aspect-
ratio sheets possess great advantages in forming conducting
network in polymer matrix, leading to a lower percolation
threshold and linear increasing conductivity.

Again, to confirm the above facts on the effect of GN
on conductivity, we measured the carriers mobility (μ) and
number of charge carriers per unit volume (N) as shown in
Figure 2. It is clearly seen that both μ and N increase with
increasing GN concentration into composites. The increase
of both μ and N is due to the combined effect of an
increase in the dimension density of conductive phases and
a decrease in the interparticle gaps among conductive sites.
This is strong clue that the GN nanoparticles act as carrier’s
reservoir into PVC matrix, and improving the conductive
pathway entire composites. This result leads to the facilities
of charge carriers diffusion within PVC matrix, and thus the
electrical conductivity increases.

In order to confirm the above facts, we estimated the
density of interface states (DIS) at the grain boundary
determined by using the following [15]:

DIS =
(

2εNEa

q

)1/2

. (1)
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Once the concentration of charge carriers (N) and activation
energy (Ea) are known, the gap width (GW) among conduc-
tive sites was determined by the following:

GW = N

DIS
. (2)

The computed values of DIS and GW as a function of
GN content is depicted in Figure 2. It is clear that DIS
increases while GW decreases with increasing GN content
into composites. This is ascribed to the fact that the inclusion
of GN content into composites enhances the number of
elastically effective chains and interfacial bonding among
filler and matrix.

However, the relation between composite conductivity
and conducting filler contents in the vicinity of the percola-
tion threshold can be described by a simple power law [6, 8]:

σc = σ f

(
φf − φc

)β
, (3)

where σc is the composite conductivity, σ f is the conductivity
of conductive filler, φf is the volume fraction of conductive
filler, φc is the percolation threshold, and β is the crit-
ical exponent. For lattice in three dimensions, β usually
lies between 1.65 and 2.0, accepted as a universal value
[5, 9].

The computed value of the critical exponent (β) for
PVC/GN nanocomposites is 3.12, and this value is much
higher than the universal one, indicating the nonuniversal
transport behavior of the PVC/GN nanocomposites [15–18].
It has been demonstrated that very high values of critical
exponents tend to occur when the conducting particles have
extreme geometries [5, 6]. Presence of tunneling conduction
can also lead to nonuniversal critical exponent [10, 11].
The graphite nanosheets used here possess an average aspect
ratio of as high as about 400. Such an extreme geometry
might be a factor contributable to the high critical exponent.
Thus, tunneling through the insulating PVC barriers is
expected leading to nonuniversal transport properties of the
conducting nanocomposites [7, 8].

3.3. PTCR Thermistors and Transport Mechanism. The tem-
perature dependence of conductivity was examined, as a
tool for understanding the mechanism of charge carrier’s
transport in the PVC/GN nanocomposites and to get a
possibility of the application of PVC/GN nanocomposites
as PTCR thermistors devices. The temperature dependence
of electrical conductivity of PVC/GN nanocomposites is
depicted in Figure 3. It is seen that a transition temperature
of PTCR curves systematically moved to higher temper-
atures as the GN content was increased. With increasing
GN content, the transition temperature shifted higher.
This behavior indicates that more volume expansion of
the polymer, allowed for by the increased temperature,
was required to pull the conducting particles apart [21].
Increasing the GN content well tended to further decrease
the room temperature resistivity and the magnitude in the
PTC effect. This strong clue indicates that the inclusion
of GN content enhances the thermal stability and skeleton
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Figure 3: Electrical conductivity temperature dependence of
PVC/GN nanocomposites.

molecular structure of nanocomposites. Clearly, at relatively
low temperature, the conductivity slightly decreases up to
certain temperature (i.e., so-called critical or percolation
temperature) after which the conductivity quickly increases
depending on GN content into composites. There are
two main reasons evoked for these phenomena. First, as
potential barrier increases proportionally with temperature,
electrical resistivity increases very quickly as it depends
exponentially on potential barrier. Second, at high tem-
perature, the thermal expansion of polymer increases and
the intermolecular distance among conductive segments
increases, which leads to the scattering of charge carri-
ers and thereof the conductivity decreases (i.e., resistivity
increases).

The electrical conductivity (σ) is related to the activation
energy (Ea) by [17, 18]

σ = A exp
(
− Ea
KBT

)
, (4)

where A is a constant, KB is the Boltzmann constant, and T
is the Kelvin temperature.

The activation energy of the nanocomposites was cal-
culated from the slope of ln σ versus 1/T curve, and the
data is depicted in Figure 4. It is observed that the activation
energy decreases with an increase of GN amount into the
nanocomposites. This could occur due to the increased
charge carrier concentration, which leads to an increase of
the localized state density in the band gap [1, 16].

Mott’s Variable-Range-Hopping (VRH) model is
extensively used to analyze the temperature dependence of
dc conductivity in conducting polymer composites and for
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the three-dimensional hopping mechanism, which is
expressed as [19, 20]

σ = σ0 exp
(
−T0

T

)1/4

,

T0 = 16

KBN
(
Ef

)
γ3

,
(5)

where N(Ef ) is the density of states at the Fermi level, T0 is
the Mott’s temperature, and γ is the localization length and
is taken to be 3Å [7, 8].

The average hopping distance (Rh) between two localized
states and the hoping energy (Eh) is given by the following
[3, 13]:

Rh =
(

3
8

)(
T0

T

)1/4

,

Eh =
(

1
4

)
KBT

(
T0

T

)1/4

.

(6)

The computed value of T0, N(Ef ), Rh, and Eh as a function
of GN content into composites is depicted in Figure 4. It
is evident that T0, N(Ef ), Rh, and Eh decrease as the GN
content increases into composites. The observed values of
T0, N(Ef ), Rh, and Eh point to an effective energy separation
between the localized states [16, 19]. It is worth mentioning
that the conductivity values and estimated Mott parameters
indicate a good interaction between PVC polymer matrix
and GN nanoparticles. The interaction among PVC and
GN fillers could be explained by the strong molecular
interaction between fillers and matrix. Finally, in Figure 4,
it is interesting to note that the value of Ea is different from
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Figure 5: Current-voltage dependence of PVC/GN nanocompos-
ites.

the value of Eh. This is strong evidence that the conduction
mechanism of PVC/GN nanocomposite is governed by
tunneling mechanism as confirmed above [9, 16].

3.4. Voltage-Current Relationship and Self-Heating Behavior.
The variation of current (I) with applied voltage (V)
for PVC/GN nanocomposites is depicted in Figure 5. The
increase of GN content shifted the V − I curves toward a low
electric field and a high current. This indicates that migration
of curves will cause a lower nonlinearity [11]. Clearly the
I−V characteristics are linear at low applied voltage without
any remarkable change of the sample temperature, indicating
the tunneling of electrons on the application of voltage
[2, 14]. Increasing the electric field above, a certain value
depends on GN contents, leading to an increase in the
Joule heating effect and consequently an increase in the
bulk sample temperature. Therefore, I − V characteristics
deviate from linear (Ohmic) to nonlinear (non-Ohmic)
behavior. By increasing the electric field to a certain value
(i.e., switching voltage, see Figure 5), which depends on GN
contents, the current decreases showing negative resistance
(i.e., switching effect). The negative resistance is attributed to
two reasons. First, at high applied voltage the Joule heating
takes place and the temperature of the bulk composites
increases. This results in an increase in the interparticles
distance among conductive sites and the transport of charge
carriers decreases. Second, the decrease of current is clearly
generated by a repulsive force among positive and negative
charges at high applied potential in the PVC matrix [4].

The dependence of surface temperature (T) on applied
voltage for PVC/GN nanocomposites is depicted in Figure 6.
It is seen that at low voltage the surface temperature slightly
increased. With increasing applied voltage, the surface
temperature increases; this is due to the Joule or self-
heating effect. It is worthily to note that the temperature
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increases with increasing GN content in the nanocomposites.
Another argument indicates that the thermal stability of the
nanocomposites is enhanced by increasing GN loading level
into PVC matrix.

The ultimate surface temperature (T) of GN12 sample as
a function of time (t) at constant applied power on (22 volts)
and off is depicted in Figure 7. In Figure 7, the (T − t) curve
can be divided into three regimes.
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Figure 8: Current-time dependence of GN12 sample under applied
voltage 20 volts.

Regime I. The applied power on and the temperature
increases exponentially with time. In this regime the (T − t)
curve can be described by the exponential growth function
as follows:

T(t)− T1 = (T2 − T1)

⌊
1− exp

(
− t

τg

)⌋
, (7)

whereT1 andT2 are the ambient and maximum temperature,
respectively, and τg is the growth time constant, calculated at
t = τg.

Regime II. The temperature level off to a steady state value
(i.e., equilibrium regime) and based on energy balance law
the heat gain by applied working power is equal to heat loss
by radiation and convection per area per degree per second
(hr) is given by

hr = VIc
T2 − T1

, (8)

where V is the applied potential and Ic is the steady state
current after applied potential.

The variation of current with time for GN12 sample after
applied potential is depicted in Figure 8. In Figure 8, it is
seen that the current decreases with time and then levels off
to a steady value and (I − t) curve can be described by the
following:

I(t)− I0 = (Ic − I0) exp
(
t

τi

)
, (9)

where I0 and Ic are the initial and steady state current,
respectively, and τi is a decay time constant describing the
decay rates of current.

Regime III. In the power off region the (T − t) curve can be
described by the exponential decay equation:

T(t)− T1 = (T2 − T1) exp
(
t

τd

)
, (10)
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where τd is the decay time constant and is related to the heat
transfer from the sample to the surrounding which depends
on the GN content in composite.

In this regime (i.e., power off), if the thermistor has a
uniform temperature during cooling, the following equation
is valid for the cooling, of thermistor in the time interval dt
and according to the Newton’s law of cooling [4, 5]:

Cp(Newton
′
s) =

hr(T2 − T1)dt
mdT

. (11)

The solution of this equation for any value of time (t) is given
by (8). From (8) and (9) we obtain Cp(Newton

′
s) in the form

[4, 5]

Cp(Newton
′
s) =

(
hrτd
m

)(
1− exp

(
− t

τd

))
. (12)

For the sake of using these nanocomposites in industrial
applications, it is useful to define the whole amount of heat
transfer from the composites using the conservation law
of energy. We consider that for an applied voltage (V) on
composites at time t = 0. The self-heating effect causes the
sample temperature to increase from T(t) to T(t + dt) at a
time interval from t to t + dt, which produce an electrical
energy (i.e., Joule heat energy). According to the energy
conservation approach one has the following [20, 21]:

∫ t=tm

t=0
VI(t)dt = mCp(cons)

∫ t=tm

t=0

∂Ts(t)
∂t

dt

+ Ahr

∫ t=tm

t=0
((T(t)− T1))dT ,

(13)

where m is the mass of the specimen, A is the area of the
specimen, and Cp(cons) is the specific heat capacity of the
composite.

Taking (7)–(12) into (13) and integrating the resultant
equation will obtain the following:

VIct + V(I0 − Ic)τi

[
1− exp

(
− t

τi

) ]

= mCp(cons)(T2 − T1)

⌊
1− exp

(
− t

τg

)⌋

+ hrcA(T2 − T1)t − hrcA(T2 − T1)τg

×
[

1− exp

(
− t

τg

) ]
.

(14)

By integrating (10) we get Cpc in the form:

Cpc =
(

1
m(T2 − T1)

)
[Vatm(T2 − T1)]

+ ln
(
tm + t0
t0

)
+ VaImtm

−Ahr(T2 − T1)

(
tm − exp

(
− t

τg

))
.

(15)

The computed values of τg , τd, τi, hr , Cp(Newton
′
s), and

Cp(conservation), as a function of GN content are recorded in

Table 1: Some physical properties of PVC/GN nanocomposites.

Physical parameter GN3 GN6 GN9 GN12

Cp (measured) (J Kg−1 K−1) 680 683 688 693

Cp (Newton’s) (J Kg−1 K−1) 682 685 689 695

Cp (conservation) (J Kg−1 K−1) 681 684 690 694

τg (min) 12.34 11.01 8.45 4.65

τd (min) 13.43 10.21 7.78 4.23

τi (min) 11.98 7.48 6.37 3.98

hr (J m−2 s−1◦C−1) 81 74 66 54

Table 1. By a close look at Table 1, it is seen that τg , τd, and
τi decrease with increasing GN content into composites. This
is referred to where the increase of the number of elastically
effective chains density increases with increasing GN content
into composites. This is strong clue that the inclusion of
GN nanoparticles enhances the skeleton internal structure of
the PVC matrix, thus rendering it more thermodynamically
stable. Also, it is observed that the hr decreases as GN content
increases indicating the lower efficiency of heat transfer by
radiation and convection into composites. This reflects that
the inclusion of GN improves the inner architecture structure
and crosslinking density of nanocomposites.

Finally, the measured and computed values of specific
heat capacity increase with increasing GN content into
nanocomposites. It is interesting to note that the measured
and estimated values of specific heat capacity by conservation
law of energy and Newton’s law of cooling are quite close.
This is evidenced in that the inclusion of GN improves the
thermal stability and thermal conductivity of the nanocom-
posite. Monitoring dynamic resistivity (i.e., isothermal resis-
tance relaxation with time) provided additional information
about the stability of composites. The isothermal resistance
changes with time at constant temperature of 110◦C for
PVC/GN nanocomposites as is depicted in Figure 9. It is clear
that the resistance undergoes a sudden increase followed by
a decrease in resistance, after which it levels off depending
on the GN content into composites. The sudden increase of
resistance at the beginning is attributed to a rapid increase
of volume expansion of the polymer matrix. It is clear that
the time for the resistance to reach the maximum is shorter
as the GN content increases in composites. This can be
explained where, at low content of GN, the slow diffusion
of GN nanoparticles occurs from one grain site to another
leading to change the charge distribution which in turn will
change the effective carrier density and hence the composite
resistivity. In light of the above discussion, we propose
that the interfacial bonding and entanglements among PVC
moieties increase with the increase of GN contents.

4. Conclusions

In this study a new family of electro active polymer
nanocomposites thermistors and self-heating based on poly-
vinyl chloride- (PVC-) reinforced foliated graphite and
Ni nanoparticles (GN) have been successfully fabricated.
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Figure 9: Isothermal resistance changes with time at constant
temperature of 110◦C for PVC/GN nanocomposites.

The effect of GN filler loading on the microstructure and
electrical properties was studied. Based on the experimental
data, the following conclusions can be made.

(1) Scanning electron microscope showed that the inclu-
sion of GN nanoparticles improves the skeleton
internal structure of PVC/GN composites.

(2) The electrical conductivity of the PVC/GN nanocom-
posites showed a transition from an insulator to a
semiconductor. The transition could be described
by classical percolation theory with a critical expo-
nent of about 3.12. The PVC/GN nanocomposites
exhibited the lowest percolation threshold of about
0.7 wt%. This may be attributed to the increased filler
form factor in PVC/GN nanocomposites.

(3) The applicability of nanocomposites obtained as
PTCR thermistors was examined by monitoring the
conductivity as a function on temperature.

(4) The applicability of nanocomposites for self-
regulating heater and temperature sensor was tested
by displaying the change of current and temperature
with applied voltage.

(5) The specific heat capacity and amount of heat
transfer by radiation and convection as a function of
GN content were estimated by proposed theoretical
modeling based on conservation law of energy and
Newton’s law of cooling.

(6) Finally, we believe that the PVC/GN nanocomposites
open a new direction for future application in elec-
tronics devices such as PTCR thermistors, self-re-
gulating heater, and temperature sensors.
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Unfunctionalized and silanized multiwalled carbon nanotubes (MWNTs) were incorporated in poly(methylmethacrylate) matrices
using in situ polymerization. Polymer-compatible functional groups on carbon nanotube (CNT) surfaces were characterized by
infrared spectroscopy. These chemical moieties improve interaction at interfaces, allowing transfer of mechanical load between the
matrix and the dispersed phase as reflected in the resulting improved mechanical and thermophysical properties. The composites
were characterized by Raman spectroscopy to evaluate molecular level interactions and dynamical mechanical analysis. Composites
with silanized CNTs have higher storage modulus (E′) than polymer reinforced with unfunctionalized nanotubes. Considering
the average of the samples, only 1 wt.% of silanized nanotubes provides an increase in E′ of 165% at room temperature with
respect to polymer matrix, and the increments reached are by a factor of 6.8 and 13.6 over the polymer matrix at 80◦C and 90◦C,
respectively. 1 wt% of silanized CNTs increases the glass transition temperature of polymer matrix around 30◦C. Microscratch
testing results of composites show that unfunctionalized CNTs cause deeper penetration of the indenter than polymer matrix at
the same force; however, the composites developed with silanized CNTs present more regular behavior than polymer reinforced
with unfunctionalized CNTs.

1. Introduction

The outstanding properties of carbon nanotubes offer possi-
bilities for developing new strong multifunctional composite
materials [1–4]. Several studies have demonstrated the
relevant high Young’s modulus, stiffness, flexibility, high ele-
ctrical conductivity, and thermal stability that CNTs posses
[5–8]. Research focus to produce polymer composites is dir-
ected to taking advantage of these features in maximum level
[9–13].

Different reports provide evidence of progress in this
area. Depending on the polymer and the processing method

used, there are positive effects in the creation of polymeric
nanocomposites based on CNTs for mechanical [11–16],
electrical [13, 17–20], damping [21], and electroactive prop-
erties and artificial muscles [22, 23]. However, to reach the
combination of different properties in one material involves
diverse challenges. As discussed by Dzenis [4], uniform
distribution of CNTs in the matrix is needed. Moreover,
the attention has been paid to mechanical properties than
to tribological ones. However, the analysis of tribologi-
cal properties is needed because the ongoing process in
several industries of replacement of metal components by
polymeric ones requires polymer-based materials (PBMs)
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with better tribological properties [24]. Recently studies
show that the use of CNTs to improve tribology of PBMs
turned out to be a two-edged sword; because, while the
penetration depths de-crease with increasing concentration
of CNTs, the residual depths increase at the same time
[16]. Thus, clearly more work also along these lines is
needed.

A way to provide uniformity on the distribution of CNTs
in a polymeric matrix is functionalization [25–27]. In this
paper is presented new evidence related with the efficiency
of functionalization to improve compatibility and enhance
dispersion and the load transfer of CNTs in polymer nano-
composites. Chemical modification applied to nanotubes is
supported in the silanization process, which has been proved
as successful method to produce different surface behavior
in CNTs. Here we report results for functionalized as well
as unfunctionalized carbon nanotube polymer composites.
Poly(methyl methacrylate) (PMMA) has been chosen as the
matrix because of its wide use.

2. Experimental

Methyl methacrylate monomer (MMA) and 3-(trimethoxy-
silyl)-propyl methacrylate 98% (3-MAT) were supplied by
Aldrich. 2,2′-azoisobutironitrile (AIBN) was donated by
GIRSA Company, and arc-discharge MWNTs (ground core
materials) were provided by MER Corporation. The core
material has around 40 wt% MWNTs. The product is over
99% carbon and is produced without catalysts. MWNTs have
8–30 graphene layers and are 6–20 nm in diameter and 1–5
microns in length.

MWNTs previously purified and oxidized were silanized.
Oxidation was achieved with KMnO4 in H2SO4 medium;
this kind of purification is much recognized and produces a
high yield and high purity CNTs. Nanotubes obtained by this
process have been analyzed by transmission electron micro-
scopy (TEM) and Raman spectroscopy in an earlier paper
[28]. Silanization was realized in alcoholic solution; silane
was added 1 : 1 in weight with respect to the oxidized CNTs.
The mix was refluxed for 3 h, maintaining the temperature
around 65–70◦C and under constant stirring. More details
of the reactive concentrations and the procedure to oxidize
and silanize CNTs were described in previous publication
[28]. Polymer samples and carbon nanotube composites
were produced by in situ polymerization using AIBN as the
initiator. The AIBN quantity, reaction time, and temperature
were controlled in order to achieve narrow molecular weight
distributions. The reaction to produce each composite was
carried out in a flask using MMA and AIBN in a reflux
system. In each type of the samples, unmodified CNTs
(uCNTs) and previously silanized CNTs (sCNTs) were added
after 30 minutes since the reaction beginning; then sample
was maintained at 70◦C for 2 hours under stirring. The
resulting mixture was placed in a glass mold with a latex
frame in order to control shrinkage. Finally, the system
was controlled at 70◦C in an oven for 24 hours to achieve
complete polymerization. The materials obtained have the
thickness of ≈1.8 mm. The samples are identified as follows:

oCNTs
sCNTs uCNTs

Figure 1: Carbon nanotubes dissolved in acetone: untreated
(uCNTs), oxidized (oCNTs), and silanized (sCNTs).

neat PMMA (PMMA), a composite with 1 wt.% of uCNTs,
and a composite with 1 wt.% of sCNTs.

Two extra samples for each material (PMMA, uCNT
composite, and sCNT composite) were prepared to cor-
roborate the nanocomposites and the PMMA behaviour in
dynamical mechanical analysis (DMA). The procedure to
synthesize the materials was the same described previously.

Infrared analysis was performed using a Vector 33 Bruker
spectrophotometer, at 100 scans, with resolution of 1 cm−1.
Samples were prepared using KBr tablets.

For dynamical mechanical analysis, the samples were cut
to 6 mm width and 25 mm length and tested in a Perkin-
Elmer DMA-7 apparatus, using 3-point bending module at
the 1.0 Hz frequency. Samples were running three times for
each material developed.

Raman’s spectra of PMMA and composites were obtain-
ed in a Micro-Raman Dilor; a 632 nm laser was used, pro-
viding a spectral resolution of 3 cm−1.

Microscratch testing was performed in a machine from
CSM, Neuchatel, Switzerland, with their Version 2.3 soft-
ware. Scratches of 5.00 mm length were performed using a
diamond tip with a 200 μm diameter. Samples were tested
seven times in different parts of the composite at variable
loads from 3.0 N up to 20.0 N.

3. Results and Discussion

3.1. Dispersion in Solvent. Silanization was performed using
3-mercaptopropyl-trimethoxysilane (3-MPT) and 3-(tri-
methoxysilyl)-propyl methacrylate (3-MAT). CNTs were
then dissolved in acetone for 5 minutes using an ultrasonic
bath for dispersion and left for further 1 hour without ultra-
sound. As expected, the dispersion is different, higher for 3-
MAT than for 3-MTP. Photographs of suspensions obtained
using 3-MAT are displayed in Figure 1.

In this figure, it is possible to observe that the darkest
suspension corresponds to the system containing sCNTs.
These CNTs stay a longer time (several hours) in suspension,
while, in the other two systems, precipitation occurs sooner.
Even when the acetone is evaporated and sCNTs are washed
once more with hot water and acetone in order to eliminate
possible remainders of unattached organosilanes, the nano-
tubes do not lose their dispersion in the solvent. This effect is
produced due to the organosilane’s R group attached to car-
bon nanotube surfaces. Organosilanes can be represented as
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Figure 2: Silanization reactions on carbon nanotube surfaces: (a) a general chemical formula of organosilanes, (b) silanization reaction, (c)
schematic representation of carbon nanotubes modified with 3-mercaptopropyl-trimethoxysilane.

R-Si-R′3,where R is an organofunctional group. The R group
can be selected to be reactive or compatible depending on
the organic matrix being used. The R′ group is typically
trimethoxy 3(OCH3); silicon-oxygen bonds are formed
followed by an easy hydrolysis to trisilanol.

Figure 2 shows a schematic representation of silanization
with 3-MAT on carbon nanotube surfaces. The dispersion
of sCNTs in the suspension depends on the R group. Our
3-MAT silanization produces good dispersion of CNTs in
organic solvents such as acetone or ethanol. The R moiety,
in this case the methacrylate chain, changes the behavior
of MWNTs when attached to the carbon nanotube surface.
When 3-MPT is attached to sCNTs, the thiol group produces
lower dispersion in acetone.

3.2. Infrared Spectroscopy. Figure 3 shows the infrared spec-
tra for CNTs, oxidized carbon nanotubes (oCNTs), and
sCNTs modified with 3-MAT. Spectrum 3(a) shows two
bands in the zone of A2u and E1u IR phonon modes at
850 cm−1 and 1576 cm−1, which are typical signals of CNTs
[29]. In the oCNTs spectrum 3(b) new peaks are seen.
Characteristic bands due to oxidation appear; the signals at
1200 cm−1 and 1346 cm−1 are due to v(C-O) and δ(O-H)
in plane, respectively; small bands between 1680 cm−1 and
1740 cm−1 correspond to v(C=O) [30].

In the spectrum of oCNT, carboxylate groups prevail, and
only few carboxyl groups are produced. This is seen in low
intensities of the bands around 1740 cm−1 and 3320 cm−1

which correspond to v(C=O) and v(O-H), typical signals
of carboxyl moieties. Other evidence of carboxyl group is a
slight increase in 1346 cm−1 δ(O-H) and 960 cm−1 δ(O-H)
related with in-plane and out-of-plane vibrations, respec-
tively [30]. By contrast, a higher intensity is seen in the band
around 1495 cm−1, and in the peaks between 1600 cm−1 and
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Figure 3: Infrared spectroscopy of CNTs, oCNTs, and sCNTs.

1680 cm−1 in comparison with the zone above 1700 cm−1,
these corroborate that quinone and carboxylate groups exist
in these oxidized nanotubes [30–33]. The peak at 1576 cm−1,
assigned to −C=C in spectrum (a), is notably weaker than
that in spectrum (b); this indicates changes in CNT surface
due to oxidation [31]; it is known that some damage is
produced in CNT walls. In Figure 3(c) we find results of
successful silanization process; the bands at 794 cm−1 and
919 cm−1 are typical for v(Si-OH) and δ(OH) out of plane.
These bands appear when trimethoxy groups are broken in
order to form silanol groups. The silanol groups provide
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interactions between oxygen of carboxylates and hydroxyl
moieties of the oxidized nanotubes and the organosilane.
In addition spectrum 3(c) does not show bands between
815 cm−1 and 845 cm−1, characteristic signals of nonreacted
SiOR groups in organosilane compound [28, 34]. Also the
typical band of methoxy group, around 2850 cm−1, does
not appear in this spectrum. The peaks at 1045 cm−1 and
1111 cm−1 are due to Si-O-Si and Si-O-C vibrations [30, 34]
and correspond to siloxane units formed during silanization
process. The high intensity band at 1740 cm−1 becomes
stronger due to the ester group v(C=O) vibration which
corresponds to methacrylate moiety. Additionally, in the
spectrum appear the peaks at 2880 cm−1 and 2947 cm−1,

v(C-H) and va(C-H), respectively [30], these bands are typ-
ical for aliphatic groups and correspond to the propyl chain
in this case. Both methacrylate and propyl groups belong to
the organosilane compound. The band at 3300 cm−1 typical
of v(O-H) is strong in spectrum 3(c) and corresponds to
OH vibration of silanol group. This band is often above
3700 cm−1 [28, 34]; however, the peak has been located at
lower wavenumbers when silanization was performed [33,
34]. It has been suggested that this effect is due to either
strong interactions between neighboring silanol groups or
between silanol groups and the methacrylate ester moiety
of the coupling agent via inter- or intrahydrogen bonding
[34]. In our case, the first explanation seems to apply; the
strong bands at 1045 cm−1 and 1111 cm−1 shown in Figure 2
corroborate the Si-O-Si interactions. Moreover, no shifts of
ester peak typical position (C=O) are observed in spectrum
3(c). Thus, we infer that Si-O-Si interactions occur during
silanization.

3.3. Dynamical Mechanical Analysis Results. Figure 4 shows
the close average behavior of the storage modulus (E′) as
a function of temperature. It is possible to observe in this
figure the different behavior of the materials. At 30◦C neat
PMMA shows a value of E′ = 1.62 GPa; PMMA with 1.0 wt.%
of uCNTs shows E′ = 2.95 GPa, while in the composite
with sCNT E′ is presented at 4.06 GPa. However, at 90◦C
the respective values are 3.90 MPa, 0.92 GPa, and 2.55 GPa.
These results show a relevant rise in the composites with
sCNTs and represent an increment in elastic modulus of
82% for the composite with untreated CNTs and 150% for
the composite with sCNTs at 30◦C, with respect to poly-
mer matrix (PMMA). At 90◦C, the average behavior in the
composites with uCNTs and sCNTs, E′ is higher more than
7.4- and 13.6-fold, respectively, with respect to PMMA. In
addition in the sample with sCNTs, E′(30◦C) is higher in
34% and E′ (90◦C) in 1.8-fold with respect to composite
which contains unfunctionalized nanotubes.

Three different samples of PMMA and composites rein-
forced with functionalized and unfunctionalized nanotubes
were probed. The materials were synthesized in order to
corroborate the behavior of the composites. Polymers rein-
forced with sCNTs present the same tendency, in as much as
E′ (30◦C) is superior in all composites which contain fun-
ctionalized nanotubes. Also, uCNTs composites present a
storage modulus E′(30◦C) higher than PMMA. Thus, even
though the storage modulus curves are not uniform in all
materials, the tendency is the same and corroborates the
efficiency of the functionalization in composite properties.
Thus, it is verified that few loads of carbon nanotubes, and
even more sCNTs, have important effect in the elastic behav-
ior of these polymer nanocomposites. Table 1 shows storage
modulus of the three materials at different temperatures.
It is evident that the interaction (analyzed previously by
spectroscopy) produced at the interface level by functionali-
zation plays an important role in mechanical properties of
these materials.

DMA also provide information about determination
of glass transition temperatures Tg [35]. Figure 5 shows
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Table 1: Results of dynamical mechanical analysis for three different samples of neat PMMA, PMMA with 1.0 wt.% of unfunctionalized
CNTs (u-CNTs) and 1.0 wt.% of silanized carbon nanotubes, sCNTs.

Sample E′(30◦C) (GPa) E′(90◦C) (GPa) Tg
◦C (Tan delta maximum)

Pmma1 1.24 3.9 MPa 92

Pmma2 1.49 26 MPa 100

Pmma3 1.65 0.519 101

Pmma (average) 1.46 0.183 97

uCNT composite1 2.41 1.25 105

uCNT composite 2 2.95 0.925 102

uCNT composite 3 3.30 1.94 110

uCNT (average) 2.88 1.37 105

sCNT composite 1 3.60 2.06 117

sCNT composite 2 4.06 2.55 123

sCNT composite 3 4.50 2.90 126

sCNT (average) 3.87 2.50 122

tan δ = E′′/E′ as a function of temperature, where E′′ is the
loss modulus. Taking the Tg at the maximum of tan ∂ peak
and PMMA as the reference, addition of untreated CNTs
increases the Tg by 10◦C, while addition of sCNTs results in a
31◦C increment. Since only 1 wt.% of CNTs was added, there
are clear evidence of strong interactions between PMMA and
sCNTs. Figure shows the tangent delta curves closer to the
average behavior in all samples; further results pertaining to
the thermal behavior of PMMA and composites are shown in
Table 1.

3.4. Raman Spectroscopy. Figures 6(a), 6(b) and 6(c) show
Raman spectra in the region from 600 cm−1 to 1500 cm−1,
1650 cm−1 to 1800 cm−1, and from 2500 cm−1 to 3500 cm−1,
for neat PMMA, and the composites which contain uCNTs
and sCNTs modified with 3-MAT.

The bands situated at 2953 cm−1 va(C-H) in Figure 6(c),
1462 cm−1 δ(C-H), 1330 cm−1 δ(C-H) and 982 cm−1 v(C-
C) in Figure 6(a), and the little shoulders located near of
these bands [30, 36, 37] correspond to vibrations of C-C and
C-H bonds in PMMA. The spectrum for the composite with
sCNTs shows larger peaks, apparently due to interactions
between end moieties in organosilane and the PMMA
matrix. The links achieved after polymerization could be
C-C and C-H interactions. It is important to indicate that
the mentioned bands increase also in the composite with
unfunctionalized CNTs with respect to PMMA. Thus, It is
corroborated the interactions between open π bonds broken
in the polymerization and C-H—π interactions. Both phe-
nomena have been found in PMMA with unfunctionalized
carbon nanotubes in a previous study by our group [26]
and other research realized by Baskaran et al. [38]. However,
the bands are stronger when CNTs are functionalized. This
shows that more interactions are achieved between carbon
polymer chains with carbon nanotubes when these are fun-
ctionalized.

Two bands related with C-O vibrations also are found in
the IR spectra: in Figure 6(b), the peak at 1737 cm−1 v(C=O)
and in the Figure 6(a) the band localized at 820 cm−1 (com-
bination of C-H and C-O-C deformation [26, 36]). Both

peaks correspond to C-O vibrations in PMMA; these signals
also are stronger for sCTNs system. Thus, moieties in PMMA
which contain carbon and oxygen participate in polymer-
nanotube interactions, more so after functionalization.

The last suggestion is corroborated in the Figure 7; the
image show a zoomed view of the Figure 6(a). Here the
Raman spectra show the region between 1080 cm−1 and
1500 cm−1. Peaks at 1139 cm−1 and 1200 cm−1 which corres-
pond to C-O-C vibrations [26, 38] are seen in PMMA and
in the composite with unfunctionalized CNTs. These bands
are shifted to 1128 cm−1 and 1183 cm−1, respectively in the
spectrum of composite with sCNTs; this shift is not seen
in the band at 1462 cm−1 used as reference in the spectra.
Thus, it is inferred that PMMA’s ester groups interact with
organosilane’s ester groups on the CNT surface, pro-ducing
C=O· · ·OCH3 and C=O· · ·H interactions that shift the
peaks position. Changes in the bands at 1330 cm−1 and
1390 cm−1 are also evident. The former appears only in the
composite spectra and is stronger in the sCNT system. A
small shoulder at 1390 cm−1 appears only in the PMMA
spectrum. Both bands in the overlap region are attributed
to C-H deformation; the first peak corresponds to δ(C-H
methyne), and the second is attributed to deformation of
C-H (CH3 or CH2) in the polymer. In addition, the signal
at 1330 cm−1 is found in the neighborhood of the D band
region which corresponds to CNTs and is related to sp3

hybridization. This suggests that C-C and C-H moieties are
produced between C=C methacrylate organosilane groups
and the C=C of the monomer in the polymerization. The
results are changes in polymer group vibrations due to the
formed links when CNTs, particularly functionalized ones,
are incorporated. Also some contribution of D band could
have some effect in the peak at 1330 cm−1 in the nanocom-
posites.

Returning to Figure 6(c), a peak appears from 2600 cm−1

to 2700 cm−1 in the sCNT system spectrum and is associated
with Si-H bonds found in silanes [34, 39]. It is possible that
some Si· · ·H links are created between the organosilane and
aliphatic polymer groups. We recall here similarity between
C and Si.
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Figure 6: Raman spectra of PMMA and carbon nanotube polymer nanocomposites (a) from 600 cm−1 to 1500 cm−1, (b) 1650 cm−1 to
1800 cm−1, and (c) from 2500 cm−1 to 3500 cm−1.

3.5. Scratching Behavior. Figure 8 shows penetration depths
as a function applied force achieved in PMMA and nano-
composites. Several tests for each kind of material are
shown. PMMA samples show regular behavior which is
independent of the material section; inasmuch as, the seven
analyses present similar penetration depth at the same loads.
Thus, PMMA presents homogenous behavior that indicates
similar features in any point of its surface. sCNT com-
posite present two zones; in the region from 7.5 N to 9 N,

the majority of the determinations in sCNT composite
present better resistance to be penetrated with respect to
PMMA; however, in the zone above 9 N, the majority of
these samples show lower resistance to the penetration than
PMMA. Nevertheless, the largest part of the analysis realized
in sCNT composite presents better tribological properties
than uCNT composite. Therefore, although a small quantity
of sCNTs is incorporated in polymer; better wear resistance
is presented at low load with respect to polymer matrix.
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Thus, neat PMMA has better scratch resistance than CNT’s
reinforced materials except for the composite with sCNTs
at low forces. In addition, curves show that the behavior
of the composite with sCNTs is more uniform than the
composite with uCNTs. The fact related with the variety of
curves, relatively far apart from each other, can be explained
by formation of CNT bundles for uCNT composite. Thus,
also in our systems, uniform distribution of CNTs in the

matrix apparently achieved for sCNTs is important. It is sup-
posed that good distribution of silanized carbon nanotubes
(sCNTs) results in efficient tribological properties only at
low loads as sCNTs could support the mechanical behavior.
However, it is possible that the interaction produced between
sCNTs and polymer chains could produce shorter chains
than those produced in uCNT composites or PMMA. Thus,
shorter chains at high loads could produce easy penetration
in the material. As discussed by Dzenis [4], CNTs can
produce improvement as well as worsening of the properties
of matrices. This depends on diverse factors involved in the
modification and synthesis of the nanocomposites.

3.6. General Discussion. Successful silanization of carbon
nanotubes is useful for changing their surface behavior and,
therefore, their dispersion in organic solvents. Substituents
in the organosilane, here, play an important role.

When using 3-MAT, sCNT surfaces seem to have a variety
of interactions with the PMMA matrix: C-C, C=C· · ·π,
C=O· · ·O, C=O· · ·H and Si· · ·H. The majority of these
interactions begin in the polymerization.

The links produced in nanocomposites play an impor-
tant role to improve thermomechanical properties in these
materials, in as much as, storage modulus (E′) at different
temperatures increase notably in the composites with sCNTs
with respect to the composite with uCNTs and PMMA.
In addition, the glass transition temperature is increased
around 31◦C in the composite with sCNTs with respect to
polymer matrix, in comparison with uCNT system where Tg

only increase by 10◦C.
In other works moderate increments in mechanical

properties have been achieved in PMMA matrix or copoly-
mers using MMA when uCNTs have been incorporated, for
instance with very low loads (0.01 wt%) of SWMTs, and
MWNTs have improved tensile modulus of polymer matrix
[9], and storage modulus E′ has been enhanced with 1 wt%
of MWNTs using dissolving processing [13]. In addition
other processing methods which involve uCNTs with other
polymer matrices have reached good increments in storage
modulus when uCNTs are aligned [9]. Nevertheless when
CNTs are modified by oxidation [26], cover by polymers
[27], or functionalized using other molecules [25, 27],
better results have been reached in mechanical and thermal
properties.

Recently, silanization have been an important route to
modify CNTs, and the results agree with the thermomech-
anical properties reported here. Important increments in
tensile strength in Poly(propylene) (PP) and polyimide (PI)
matrices [40, 41] and and thermal stability in epoxy
matrix [42] have been gotten at 1 wt% of sCNTs (PP and
PI) and 0.5 wt% (in the case of epoxy matrix). The silanes
used in these researches were 3-methacryloxypropyltrimeth-
oxysilane, vinyltriethoxysilane, and 3-Glycidoxypropyltri-
methoxysilane, respectively. Also in recent times interesting
dielectric properties have been reported in polyethylene
reinforced with carbon nanofibers modified with silanes
[43]. Thus, it is corroborated that silane functionalization in
CNTs is useful to improve interface and thermomechanical
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properties in different polymer matrices including PMMA
studied in this paper.

Also, functionalization effect is reflected in tribological
properties; however, other factors such as the polymer chain
sizes and the low concentration of sCNTs could influence the
different behavior in tribological properties at low and high
force. Nevertheless, the clear differences in the tribological
behavior between sCNT and uCNT composites give evidence
that silanization takes part in this property; the evidence
of that influence is the low quantity used as reinforcement
of sCNTs and the notable effect. The curves of penetration
depth and progressive force are more consistent in the
composite which contains more sCNTs than that in the
composite with uCNTs. This allows concluding that fun-
ctionalization, furthermore, assists the dispersion of carbon
nanotubes in polymer composite.

Thus, this research gives evidence that the synergic effects
produced in polymer composites are reached by interactions
between organosilane chemical groups of modified nan-
otubes and polymer matrix. The incorporation of a small
quantity of sCNTs is enough to produce significant chang-
es at polymer matrix; even uCNTs provide considerable
changes in polymer, taking into account the CNT quantity
that is added; as well functionalization provides to the
composites extra qualities, because of not only improving
storage modulus and Tg , also uniform behavior is obser-
ved in any point of the sample when tribological properties
are analyzed. These characteristics confer to this kind of
nanocomposites’ additional functional properties and the
possibility to be incorporated in promising uses such as
transportation industry, commercial aircraft, sports indust-
ry, and textile smart polymer fibers among others possible
applications. Research using different concentrations of
CNTs and other organosilanes with other R group related to
the features of the polymer matrices is in current study.
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Because the absorption of lower-frequency sound is problematic with fibrous material made up of coarser fibers, highly efficient
sound absorption materials must be developed. The focus of this paper is on the development of a new material with high acoustic
absorption characteristics. For low-frequency absorption, structures based upon the resonance principle of nanofibrous layers are
employed in which the resonance of some elements allows acoustic energy to be converted into thermal energy. A nanofibrous
membrane was produced by an electrostatic spinning process from an aqueous solution of polyvinyl alcohol and the acoustic
characteristics of the material measured. The resonant frequency prediction for the nanofibrous membrane is based on research
into its production parameters. The distance between electrodes during the electrostatic spinning process determines the average
diameter of the nanofibers, and the outlet velocity of the material determines its area density. The average diameter of nanofibers
was measured using the Lucia software package directly from an electron microscope image. The resonant frequency of nanofibrous
membranes was determined from the sound absorption coefficient and transmission loss measurement.

1. Introduction

This paper deals with the acoustic behavior of a nanofibrous
resonant membrane. A nanofibrous layer was produced by
an electrical spinning process from an aqueous solution
of polyvinyl alcohol and the resonance effect created by
the nanofibrous layer then studied. Acoustic waves cause
vibration in the resonant nanofibrous system with acoustic
energy at the resonance frequency partially converted to
kinetic energy, the remainder being acoustic energy at
other frequencies. These frequencies are damped so that
the majority of the acoustic energy, accumulated in the
resonator, may be converted into heat.

This theoretical study of sound absorption characteristics
[1] focuses on a membrane-type sound absorber. To analyze
the absorption mechanism, the solution is rearranged in a
form which points out the contribution from each element
in the membrane-type sound absorber. The effects of the
parameters of the sound absorption system are discussed in
the light of the calculated results. In addition, the method
used for predicting peak frequency and the peak value of the
oblique-incident absorption coefficient of the membrane-
type sound absorber is presented. This method satisfactorily

explains the relationship between the absorption character-
istics and the parameters.

A sound-absorbing structure using thin film is described
in a patent [2]. When a soundwave makes contact with the
sound-absorbing structure of the invention, the thin films
vibrate and contacts between the overlapping portions rub
against each other. The energy contained in the soundwave
dissipates as a result, and a high sound absorption coefficient
over a broad frequency band is obtained. The sound absorp-
tion effect is intensified by the addition of the damping effect
as the soundwave passes through the interstices.

Because the absorption of lower-frequency sound is pro-
blematic with fibrous material made up of coarser fibers,
highly efficient sound absorption materials must be devel-
oped. The focus of this paper is therefore on the development
of a new material with high acoustic absorption characteris-
tics.

Previous work [3, 4] has shown this nanofibrous material
to be a highly efficient sound absorber. For low-frequency
absorption, structures based upon the resonance principle
are employed in which the resonance of some elements
allows acoustic energy to be converted into thermal energy.
Earlier work [3] has demonstrated that the nanofibrous
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Figure 1: Frequency dependence of sound absorption coefficient α.
Nanofibers creating a layer (black curve) and nanofibers distributed
separately in the sample (grey curve). The final thickness of both
materials is 30 mm, with a bulk density of 21 kg/m−3.
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Figure 2: Snapshot of the nanofibrous structure.

layer has a resonant effect on sound absorption when the
nanofibers are arranged with respect to the layer. Then
the tops of sound absorption coefficient are displaced to
the lower frequencies than those of sample with nanofibers
distributed separately (see Figure 1).

The sound absorption peaks of longitudinally laid sam-
ples occur at frequencies lower than those of samples laid
perpendicularly [4].

This is attributable to motion in the nanofibrous layer.
When the longitudinal soundwave propagates perpendicu-
larly to the alignment of the membrane, the nanolayer is
able to move and changes in acoustic energy may occur.
The second effect is due to the viscosity of the surrounding
air, where acoustic energy is consumed by the drag between

3

1
2

4

Figure 3: A device for the production of nanofibers from a
polymer solution. The polymer solution (1) wets the cylindrical
electrode (2). This electrode is matched with a counter electrode
(3) whose potential differs. By rotating electrode (2), the polymer
solution is drawn from the container into the counter electrode.
The nanofibers form in the electrical field and are deposited on
the support material (4). The electrode distance during electrostatic
spinning and the outlet velocity of the material, which controls its
area, may be altered.

Figure 4: Nanofibrous membrane vibration at the first resonant
frequency.

vibrating air particles and the pore surface, converting the
acoustic energy into thermal energy. These two nanofibrous
layer phenomena together constitute the innovation of this
acoustic product compared to current materials used for
sound absorption such as foil and fibrous board.

2. Experimental

The nanofibrous membrane was produced by an electrostatic
spinning process from an aqueous solution of polyvinyl
alcohol (see Figure 2), and two acoustic characteristics of
the material, the sound absorption coefficient and the trans-
mission loss, were measured. In this case, the nanofibrous
membrane was created without any support materials from
an aqueous solution, but a nonsoluble solution may also
be used to produce a nanofibrous membrane possessing the
same parameters and physical characteristics.

Two production parameters, the electrode distance dur-
ing the electrostatic spinning process and the outlet velocity
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Figure 5: Frequency dependence of transmission loss L (dB) with
denoted resonant peaks (a) and frequency dependence of sound
absorption coefficient α with denoted resonant peaks (b).
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Figure 6: Measured frequency dependence of transmission loss L
(dB) (a) and sound absorption coefficient α (b). The area density of
the nanofibrous layer is 28.8 g·m−2.
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Figure 7: Measured frequency dependence of transmission loss L
(dB) (a) and sound absorption coefficient α (b). The area density of
the nanofibrous layer is 17.2 g·m−2.
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Figure 8: Measured frequency dependence of transmission loss L
(dB) (a) and sound absorption coefficient α (b). The area density of
the nanofibrous layer is 6.3 g·m−2.
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Figure 9: Measured frequency dependence of transmission loss L
(dB) (a) and sound absorption coefficient α (b). The area density of
the nanofibrous layer is 4.8 g·m−2.

of the material, which controls its area density, were altered
(see Figure 3). Changes in the nanofibrous layer structure
in terms of specific anisotropy and the diameter of the
nanofibers are the result of the electrode distance setting.

A Type 4206 Impedance Measurement Tube featuring
dual microphones was used to measure the sound absorption
coefficient and transmission loss in the 50 Hz–6.4 kHz range.

In this experimental section, the resonant frequencies
from the sound absorption coefficient and transmission
loss measurement are compared. The maximum value of
the sound absorption coefficient and transmission loss
occurs along the resonant frequency of the thin membrane.
Soundwaves vibrate the resonant nanofibrous system, with
acoustic energy at the resonant frequency (see Figure 4)
then partially converted to kinetic energy, the remainder
being acoustic energy at other frequencies. These frequen-
cies are damped so that the majority of the acoustic
energy, accumulated in the resonator, may be converted to
heat.

Resonant frequencies are labeled with circles in Figure 5.
The resonant frequency of nanofibrous membranes was

determined from the sound absorption coefficient and trans-
mission loss measurement. Two dependency relationships
were studied to determine the resonant frequency.
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Figure 10: Measured frequency dependence of transmission loss L
(dB) (a) and sound absorption coefficient α (b). The area density of
the nanofibrous layer is 3.3 g·m−2.

Table 1: Production parameter during electrostatic spinning.
Outlet velocity of material determining its area density.

Outlet velocity of nanofibrous
material during electrostatic
spinning (m·min−1)

Area density of the nanofibrous
layer (g·m−2)

0.0171 28.8

0.0342 17.2

0.0855 6.3

0.1197 4.8

0.171 3.3

3. Results

In this section, the results measured for the frequency depen-
dence of sound absorption coefficient α and transmission
loss L (dB) are compared. The outlet velocity of the material
determines its area density (see Table 1) and the distance
between electrodes during the electrostatic spinning process
determines the average diameter of the nanofibers (see
Table 2).

3.1. Electrode Distance Constant (50 mm) with Changing Area
Density of the Nanofibrous Membrane. From Figures 6, 7,
8, 9, and 10 (a), it is evident that the maximum value
for transmission loss L (dB) decreases with decreasing
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Figure 11: Measured frequency dependence of transmission loss
L (dB) (a) and sound absorption coefficient α (b). The electrode
distance is 50 mm.

Table 2: Production parameter during electrostatic spinning. Dis-
tance of electrodes during electrostatic spinning which determines
the average diameter of nanofibers.

Distance of electrodes during
electrostatic spinning (mm)

Average diameter of nanofibers
(nm)

50 79.9

70 77.6

90 76.3

110 73.3

130 68.6

area density of the nanofibrous membrane. The resonant
frequencies of the lower area density of the membrane (see
Figures 8–10 (a)) are not uniquely determined.

Figures 6–10 (b) show that the first significant peak
in the sound absorption coefficient α has been displaced
in the direction of lower frequencies with increasing area
density of the material, when the average nanofiber diameter
(the electrode distance during electrostatic spinning) is
held constant. The resonant frequency of the nanofibrous
membrane thus decreases with the area density of the
nanofibrous membrane.

Comparing results from the examination of both acous-
tic characteristics (see Figures 6–10, with transmission loss
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Figure 12: Measured frequency dependence of transmission loss
L (dB) (a) and sound absorption coefficient α (b). The electrode
distance is 90 mm.

L (dB) (a) and the sound absorption coefficient α (b)) shows
that the resonant frequencies are not in agreement. The peaks
occurring under each measurement are formed at different
frequencies.

3.2. Area Density of the Nanofibrous Membrane is Constant
(17.2 g·m−2) with Changing Electrode Distance. Figures 11,
12, 13, and 14 (b) show that the first significant peak in
the sound absorption coefficient α has been displaced in
the direction of higher frequencies with decreasing average
nanofiber diameter (increasing electrode distance during
electrostatic spinning) when the area density of the material
is held constant. The resonant frequency of the nanofibrous
membrane thus increases with decreasing average nanofiber
diameter.

Comparing results from the examination of both acous-
tic characteristics (see Figures 11–14, with transmission loss
L (dB) (a) and the sound absorption coefficient α (b)) shows
that the resonant frequencies are not in agreement. The peaks
occurring under each measurement are formed at different
frequencies.

The measurement of transmission loss shows two peaks,
one at 530 Hz and one at 2700 Hz, for all measurements
using constant area density (see Figures 11–14 (a)). 530 Hz
and 2700 Hz would thus be resonant frequencies of the
measuring apparatus during transmission loss measurement.
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Figure 13: Measured frequency dependence of transmission loss
L (dB) (a) and sound absorption coefficient α (b). The electrode
distance is 110 mm.

One peak is constant for all measurements using both
dependencies and both acoustic characteristics measured
(see Figures 6, 7, and 11–14). The resonant frequency of
the measuring apparatus while measuring both acoustic
characteristics is around 2700 Hz.

4. Conclusions

These two phenomena, the vibration of the nanolayer and
air friction inside the nanopores, constitute the innovation
of this acoustic product compared to current materials used
for sound absorption such as foil and fibrous board.

Sound absorption coefficient measurements show that
the resonant frequency of the nanofibrous membrane
decreases with increasing area density of the membrane and
increases with decreasing average diameter of the nanofibers.

Comparing results from the examination of both acous-
tic characteristics (transmission loss L (dB) and the sound
absorption coefficient α) shows that the resonant frequencies
are not in agreement. The peaks occurring under each
measurement are formed at different frequencies.

The transmission loss measurement shows that 530 Hz
and 2700 Hz would be the resonant frequencies of the
measuring apparatus during transmission loss measurement.

One peak is constant for all measurements using both
dependencies and both acoustic characteristics measured.
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Figure 14: Measured frequency dependence of transmission loss
L (dB) (a) and sound absorption coefficient α (b). The electrode
distance is 130 mm.

The resonant frequency of the measuring apparatus while
measuring both acoustic characteristics is around 2700 Hz.
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An E7 coded nematic liquid crystal was doped with zinc phthalocyanine and poly (3-hexylthiophene). A variety of properties in-
cluding relaxation time, absorption coefficient, and critical frequency of this doped system were investigated using impedance
spectroscopy. The doped systems displayed increased absorption coefficients in the range 0.22–0.55 and relaxation times from
5.05× 10−7 s to 3.59× 10−6 s with a decrease in the critical frequency from 3.54 MHz to 2.048 MHz.

1. Introduction

Liquid crystals (LCs) are molecules that have high nonlin-
earity and are sensitive to low optical fields. These materials
are partially thermally stable in regular phases. Doped LCs
have attracted the attention of so many researchers. Because
of these characteristics LCs have been used in technologi-
cal applications intensively [1, 2]. Poly (3-hexylthiophene)
(P3HT) is also a well-known conductive polymer in which
holes are dominant charge carriers. This polymer has a
high absorption coefficient in almost all along the visible
range. Because of this unique property it has been used
as an organic-based solar cell [3, 4]. With the mobility of
0.1 cm2/V·s (which is quite high for a polymer), P3HT has
been used in organic field effect transistors as well (OFET)
[5, 6].

Phthalocyanines (Pc) are also important materials for
chemical applications. These thermally stable molecules have
high absorption coefficient in the visible range. Pcs which are
n-type materials have been used as gas sensors [7], as OFETs
[8], and as solar cells [9]. Dielectric properties of Pcs have
been investigated in different ways. The dielectric properties
of certain Zn-Pc molecules are studied by evaporating a thin
film of this material on a gold electrode [10]. Dielectric
properties of Ni-Pcs are investigated by doping them in a

liquid crystal [11]. The complex expression of the dielectric
constant can be written as ε∗ = ε′ + iε′′ in terms of ε′

and ε′′, which are the real and imaginary parts of dielectric
constant, respectively. The frequency-dependent Cole-Cole
form of this equation is [12]

ε∗ = ε∞ +
(εs − ε∞)

1 + (i�τ)1−α . (1)

Here εs is the value of the low frequency dielectric constant,
and ε∞ is the value of the high frequency dielectric constant
in the measured frequency range, � is the angular frequency,
τ is the relaxation time, and α is the absorption coefficient.

To understand the electrical properties of the material
with different structures, the dielectric spectroscopy (DS)
technique is used. Mentioned real part of the dielectric con-
stant ε′ can also be deduced from the following equation:

C = εoε
′A
d
. (2)

Here C is capacitance, εo is the dielectric constant of the
free space, A is the surface area, and d is the thickness of
the cell. Actually imaginary part of the dielectric constant
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Figure 1: Chemical structures of: (a) nematic host, E7, (b) Zn-phthalocyanine, (c) Poly(3-hexylthiophene).

ε′′ is known as the dielectric loss. The dielectric loss ε′′ is
calculated from the following equation:

ε′′ = ε′ tan δ, (3)

where δ = 90 − ϕ and ϕ is the phase angle. In the scope
of this work, relaxation times, absorption coefficient, and
critical frequency are measured by DS technique. The ac
conductivity and the impedance of these materials, which
depend on the frequency, are studied by using the impedance
spectroscopy. In fact, impedance spectroscopy is a strong tool
which could be applied to overview important parameters of
LCs as mentioned in [13, 14].

It is also well known that the complex impedance for the
LC is expressed as

Z∗ = Z′ + Z′′, (4)

where Z′ and Z′′ are the real and the imaginary parts of
the complex impedance, respectively, and the real part of the
complex impedance is expressed as [15]

Z′ = Rs +
Rp

1 + (�/�0)2 , (5)

where Rs is the serial resistance, � is the angular frequency
of the applied field, and�0 is the characteristic (or natural)
angular frequency of the system, �0 = 1/(RpCp). Rp is the
parallel resistance, and Cp is the parallel capacitance.

2. Experimental

The measurement cells are made of two glass slides separated
by Mylar sheets having a thickness of about 10 μm. Before
the construction of the cells, Indium tin oxide (ITO) covered
glass substrates were spin coated with Polyvinyl alcohol

(PVA) at 2000 rpm and were cured at 50◦C for 2 hours. The
thickness of the coating is about 100 nm. In order to obtain
preliminary molecular orientation, these coating layers were
exposed to surface treatment of unidirectional rubbing with
velvet. This is indeed the so-called planar reorientation,
where the LC molecules will be parallel to the ITO walls
whatever agent is doped in small amounts. Zn-Pc (Zn-
Phthalocyanine) and P3HT (poly(3-hexylthiophene)) were
dissolved in LC under the reinforcement of ultrasonic effect.
The structural formula of Zn-Pc, P3HT, and the nematic
LC (E7) are shown in Figure 1. P3HT was purchased from
Sigma-Aldrich Inc. and the Liquid Crystal was attained from
Merck.

In this study four different samples were prepared:
Undoped E7, a 2% w/w Zn-Pc, a 2% w/w P3HT, and a
mixture of 2% w/w Zn-Pc and 2% w/w P3HT, all doped into
an E7 host.

Dependency of the impedance on the frequency and
the dielectric properties were investigated by making several
measurements. Dielectric constant was also calculated from
the parallel capacitance technique (see results and discus-
sion). HP 4194A Impedance Analyzer was utilized for these
measurements. Complex dielectric response was considered
between 1 kHz to 15 MHz. RMS amplitude of this device is
∼495 mV.

3. Results and Discussion

Figure 2 shows the real part of the complex impedance
for different LC cells. As can be seen in Figure 2, at low
frequencies the real part of the impedance for Pc-Zn and
P3HT doped LC samples indicates a plateau region. After the
plateau region, the impedance decreases drastically with the
increasing frequency. At high frequencies, the impedance is
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Figure 2: Variation of the impedance with the frequency.

stable with the increasing frequency. Compared to those of
Zn-Pc and P3HT doped samples, the impedance values of
Zn-Pc + P3HT doped LC samples are higher.

In the LC dielectric materials, ε′ decreases as the fre-
quency increases. This decrease is mainly due to the polar-
isability of the molecules, ionic conductivity, and interfacial
orientation. Figure 3 shows this decrease of ε′ with the
frequency. The ε′ initially decreases rapidly with the increase
in the frequency, and as the frequency increases ε′ attains a
constant value.

The dielectric strength is the difference between the die-
lectric values at minimum and at maximum frequencies. In
the impedance spectroscopy technique the dielectric strength
Δε is expressed as

Δε = εs − ε∞, (6)

where εs and ε∞ are the minimum and maximum compo-
nents of the dielectric constant. Figure 3 shows clearly that
the doping of Zn-Pc increases the dielectric strength of the
sample and that the doping of P3HT increases it further.
In fact, values of the dielectric strength Δε deduced from
Figure 3 are given in Table 1. With the doping, Δε values
increased from 6.75 to 10.29. This shows that when the
sample is doped with the mixture of both these doping
materials, then dielectric strength increased further. Overall
uncertainty in dielectric measurements was 0.02 at (k = 2)
[16].

If the dielectric medium in the measurement cell is
subject to an electric field, dielectric constant is supposed
to decrease as shown in (1) [12]. Also one can say that ε∞
value is tending to zero at high frequencies while εs can take
various values at low frequencies for different LC samples.
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Figure 3: Dependency of the real dielectric constant on the
frequency.

When the real part of the dielectric constant in (1) is written
in the Cole-Cole equation form [12] it becomes

ε′(�)=ε∞ + (εo − ε∞)
1 + (�τ)1−α sin(1/2)απ

1 + 2(�τ)1−α sin(1/2)απ + (�τ)2(1−α) ,

(7)

where τ is the relaxation time, and α is the absorption co-
efficient. The change of the dielectric constant in Figure 3 is
extrapolated according to (7). Values of τ and α are calculated
from this extrapolation and are shown in Table 1. While the
value of the relaxation time of undoped E7 is about 5.08 ×
10−7 s, in Zn-Pc doped E7, it becomes 8.29 × 10−7 s, and in
P3HT doped E7 it reaches the value of 1.41 × 10−6 s. When
both of these materials are doped into E7, the relaxation time
increases again and reaches the value of 3.59 × 10−6 s. The
absorption coefficient α is also increased with doping (See
Table 1).

Imaginary dielectric constant is indeed the measure of
the dissipation factor (tan(δ)). In Figure 4, it is observed that
the doping increases these dissipation factors at low fre-
quencies. A decrease in the value of the critical frequency is
also observed. The critical frequencies, which correspond to
the maximum imaginary part of the dielectric constant, were
acquired from Figure 4 and are shown in Table 1. While the
value of the critical frequency for undoped E7 is 3.54 MHz,
it becomes 3.26 MHz in Zn-Pc doped E7, it decreases to
2.88 MHz in P3HT doped E7, and it decreases further to
2.04 MHz when E7 is doped with Zn-Pc + P3HT.

Dissipation factor is the rate of the real impedance over
the imaginary one. When the values of the real and imaginary
impedance are close, the dissipation factor becomes smaller.
This change in the dissipation factor can be seen in Figure 5.
Decrease in the critical frequency with doping could be
observed in Figure 5 as well. At low frequencies, dissipation
factor is small, but it gets higher at high frequencies with the
increasing real impedance.
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Table 1: The dielectric strength Δε, the relaxation time τ, the
absorption coefficient α, and the critical frequency fc of the samples.

Sample Δε τ(s) α fc (Hz)

E7 6.75 5.08 × 10−7 0.22 3.54 × 106

E7 + Zn-Pc 7.68 8.26 × 10−7 0.37 3.2 × 106

E7 + P3HT 8.6 1.41 × 10−6 0.51 2.88 × 106

E7 + ZnPc + P3HT 10.29 3.59 × 10−6 0.55 2.04 × 106
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Figure 4: Dependency of the imaginary dielectric constant on the
frequency.

Table 2: The dielectric constants εo, ε∞, and εmax of the samples.

Specimens εo ε∞ εmax

E7 67.81 0.03 2.52

E7 + Pc 77.09 0.03 2.62

E7 + P3HT 86.33 0.03 2.62

E7 + Pc + P3HT 10.32 0.03 2.72

When the value of absorption coefficient (α) is zero,
the material shows Debye type relaxation, if the values of
α gets bigger than zero, and less than one, the material
shows non-Debye type relaxation [12]. Existence of Debye
type relaxation can be determined from the Cole-Cole plots.
As shown in Figure 6, the centers of the arcs are located
below the x-axis for all samples, indicating that non-Debye
type relaxation is dominant when there is no bias field
applied [15, 16]. From the analysis of the Cole-Cole plots
that are shown in Figure 6, one can get information about the
dielectric constants at minimum and maximum frequencies.

The value of the dielectric constant at the maximum
point of the semicircles εmax can also be obtained from these
plots for the different doping materials. All the dielectric con-
stants deduced from Cole-Cole plots are shown in Table 2.

Cole-Cole plots can give information about the equiv-
alent circuit structures. Our LC cells show properties of a
parallel RC equivalent circuit in series to a resistance.
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Figure 5: Variation of the dissipation factor with the frequency.
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Critical frequency decreases exponentially with the
absorption coefficient α with the addition of different doping
materials (Figure 7(a)), and the relaxation time increases
exponentially with the increase of the absorption coefficient
α (Figure 7(b)).

4. Conclusions

In this study, the doping of Zn-Pc and P3HT into E7 de-
creased the impedance. From this study we concluded that
P3HT is a better conductor than Zn-Pc, and when the
sample is doped with both of these materials in the same
proportion, then the impedance is decreased further. A study
of the critical frequency, relaxation time, and absorption
coefficients using DS is also carried out. As a result, we have
noticed that the doping decreased the critical frequency and
increased the conductivity. It also increased the relaxation
time. Increase in the values of absorption coefficient by
doping implies the non-Debye type relaxation behaviors in



Journal of Nanomaterials 5

E7

E7 + Pc

E7 + P3HT

E7 + Pc + P3HT

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

f c
(M

H
z)

α

(a)

E7

E7 + Pc

E7 + P3HT

E7 + Pc + P3HT

0.5

1

1.5

2

2.5

3

3.5

4

α

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

τ,
re

la
xa

ti
on

ti
m

e
(μ

s)

(b)

Figure 7: (a) Variation of the critical frequency with α. (b) Variation
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the proposed LC sample, which is a novel configuration
caused by the doping of P3HT and Zn-Pc.
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