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Abstract

In this paper, we report the preparation and characterization of electrospun Nylon66 composite nanofibers incorporated with treated and untreated
multi-walled carbon nanotube (MWCNT). In order to improve the mechanical properties, we added surface treated MWCNT (TMWCNT) in to the
Nylon66 composite nanofibers. The resultant composite nanofibers were characterized by using scanning electron microscopy, energy dispersive
X-ray analysis, X-ray diffraction, Fourier transform infrared spectroscopy, Raman spectroscopy, UV–vis spectroscopy and thermogravimetric analysis.
The morphological analysis revealed that very clear arrangement of ultra-fine mesh-like nanofibers strongly bound with the main fibers. The mechanical
properties of the composite nanofibers such as Young's modulus, tensile strength and elongation-at-break were improved than pristine Nylon66
nanofibers. The addition of a relatively small amount (0.5 wt%) of TMWCNT in to the electrospun Nylon66 composite nanofibers significantly
enhanced the mechanical properties. The improved mechanical property of the composite nanofibers can be explained based on thermal studies.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Nylon66; Multiwalled carbon nanotube; Nanofibers; Mechanical strength
1. Introduction

Recent advances in electrospinning technique have shown
that the electrospun polymer nanofibers possess attractive
attributes such as enhanced strength and modulus compared to
micrometer-scale fibers [1–5]. These features can be of sig-
nificant importance, particularly when the nanofibers are
intended for miniaturized, load-bearing applications [6]. A few
investigators reported their findings on improving the mechan-
ical properties of the electrospun nanofibers [7,8]. Recently, it
was found that the tensile strength and modulus of the fibers
depend greatly on the fiber size. For example, reducing the fiber
diameter leads to strengthening effects [1,2]. However, handling
nanofibers that are just a few tens of nanometers in size and
characterizing their tensile modulus has been fraught with
difficulties. Alternatively, the mechanical integrity of the fibers
can be significantly improved by incorporating high strength
and high aspect ratio nano-fillers to obtain novel composite
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nanofibers such that they possess remarkably superior mechan-
ical strength [7,8]. Furthermore, it is demonstrated that electro-
spinning polymer solutions dispersed with filler materials is a
unique technique to efficiently disperse, align and orientate the
particles [7–9]. The fillers are self-assembled and carried by the
spun fibers and possess improved strength and stiffness than the
filler-dispersed composites that are obtained using the conven-
tional extrusion techniques [1,7,8].
Polymer/nanoparticle interfaces play an important role in new

applications involving hybrid materials, where nanoparticles are
added to a polymer to alter its structural and mechanical
properties without affecting the main chemical features of the
supporting matrix [10]. Among them, carbon nanotubes (CNTs)
have been considered as a nonpareil candidate for polymer
reinforcement owing to their extraordinary mechanical, elec-
trical, and thermal properties, as well as their high aspect ratio.
The properties of polymer/CNTs composites have been inten-
sively investigated by many researchers [11–13]. Also, many
methods have been used to fabricate CNT/polymer composites
with high mechanical reinforcement over the past decade
[14,15]. CNTs have often played an accelerating role in polymer
crystallization as a nucleating agent in polymer matrix [16–19].
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Due to the small diameter and extremely hydrophobic
surface property of CNTs, however, it is difficult to achieve
homogenous dispersion of CNTs within a polymeric material
matrix. The most relevant issues are to disperse CNTs well in
polymer matrix and to create a strong interfacial binding
between the polymer matrix and the CNTs [20,21].

On the basis of reaction chemistry, two approaches have been
explored to achieve covalent functionalization of CNT: the first
approach involves directly attaching functional groups to the
graphitic surface and in the second approach, the functional
groups are linked to the CNT-bound carboxylic acids, which are
created during CNT synthesis or post treatment of CNTs for
purification purpose. These carboxylic acids are considered as the
defect sites on the CNT surface and the method is also known as
the defect chemistry method [22]. The advantage of the chemical
functionalization method is that the functional groups are
covalently linked to the CNT surface; the linkage is permanent
and mechanically stable. However, reaction with the graphitic
sheets also results in breaking the sp2 conformation of the carbon
atoms. Conjugation of the CNT wall is therefore disrupted and it
has been observed that, compared with the pristine tubes,
electrical and mechanical properties of the chemically functiona-
lized CNTs decreased dramatically [22–24]. The non-covalent
methods to functionalize CNTs involve using soft matter such as
surfactants, oligomers, biomolecules and polymers to wrap CNTs,
to enhance their solubility [22,25,26]. The advantage of the non-
covalent method is that the integrity of CNT structure is not
disrupted and the properties of the CNTs are therefore retained.
However, the non-covalent interaction between the wrapping
molecules and the CNTs is not as strong as the covalent bonds
formed in the chemical functionalization processes [22].

Nylon66 is an important engineering thermoplastics which
has been used for numerous technological applications due to
its favorable properties such as chemical and mechanical
resistance, attrition resistance, high tensile and melting point
[27]. Recent usage of Nylon66 and polyamides in general has
focused on their use in automotive under-the-hood applications
for the driving force being greater fuel economy and weight
reductions coupled with the critical requirements of high
temperature usage and resistance to thermal degradation.

In the present paper, we describe the changes in the tensile,
flexural and impact properties of Nylon66 with multi-walled
carbon nanotube (MWCNT). We prepared Nylon66 nanofibers
containing MWCNT and treated multi-walled carbon nanotube
(TMWCNT) by using electrospinning for studying the effect of
composite by thermal and mechanical analysis. The resultant
composite nanofibers were characterized by scanning electron
microscopy (SEM), energy dispersive X-ray analysis (EDX),
X-ray diffraction (XRD), Fourier transform (FT-IR), UV–vis,
Raman spectroscopy and thermogravimetric analysis (TGA).

2. Experimental

2.1. Materials

Nylon66 was supplied by Sigma Aldrich. Formic acid (99%),
sulfuric acid (H2SO4) and nitric acid (HNO3) were obtained from
Samchun Chemicals, South Korea. MWCNT with 95% purity and
diameter o10 nm and length o20 mm were purchased from
Nanosolution Co., Ltd. Korea. All the above chemical reagents
used were of analytical grade and used without further purification.

2.2. Preparation of treated MWCNT

To improve the mechanical properties of the MWCNT, we
treated MWCNT with surface modifications. We performed a
3:1 (v/v) mixture of concentrated H2SO4/HNO3 (100 ml) to treat
MWCNTs (200 mg), with sonication at 60 1C for 5 h. After acid
treatment, MWCNTs were washed using deionized water and
ethanol. The mixture was filtered until the pH value of 7 was
reached and then dried at 80 1C for 24 h. The resulting material
is labeled as TMWCNT. The acid treated MWCNTs with a
higher concentration of carboxylic acid (–COOH) groups can
form a stronger MWCNT–Nylon66 interfacial interaction,
which consequently improves the mechanical properties.

2.3. Polymer solution preparation

Three kinds of spin dopes were prepared as the following: (1)
10 wt% of Nylon66 solution was prepared in the formic acid
solvent, (2) 10 wt% of Nylon66 with 0.5 wt% of MWCNT and
(3) 10 wt% Nylon66 with 0.5 wt% of TMWCNT were prepared
to obtain Nylon66, Nylon66/MWCNT and Nylon66/TMWCNT
nanofibers. Before the electrospinning process, the prepared
solutions were stirred well to make uniform mixture. We have
used the optimized condition to prepared composite nanofibers.
The dispersion of the MWCNTs (above 0.5 wt% loading) were
not very good in the Nylon66 matrix as the MWCNT (non-polar
nature) were non-functionalized and so the inherent incompat-
ibility with the polar Nylon66 matrix.

2.4. Electrospinning

The polymer solution was transferred into a 5 ml syringe fitted
with a metallic needle of 0.4 mm of inner diameter. The syringe
was fixed horizontally on the syringe stand and the positive
electrode of the high voltage power supply (CPS-60K02vl,
Chungpa EMT Co., South Korea), capable of generating voltages
up to 60 kV, was clamped to the metal needle tip. The applied
voltage was fixed at 18 kV and the tip-to-collector distance was
kept at 15 cm. All the experiments were conducted at room
temperature. These experimental parameters were chosen from an
optimization of a series experiments. The developed nanofiber
mats were collected on the rotating drum covered with the
collecting blue paper.

2.5. Characterizations

The morphology of the Nylon66, Nylon66/MWCNT and
Nylon66/TMWCNT composite nanofibers were observed by
using SEM (Hitachi S-7400, Hitachi, Japan). Elemental compo-
sition analyses of these composite nanofibers were carried out
by using a field-emission SEM equipped with an EDX spectro-
meter. Structural characterization was carried out by XRD in a



Fig. 1. SEM images of (a) Nylon66, (b) Nylon66/MWCNT and (c) Nylon66/
TMWCNT nanofibers.
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Rigaku X-ray diffractometer operated with Cu Kα radiation
(λ¼1.540 Å). The bonding configurations of the samples were
characterized by means of FT-IR spectroscopy and Raman
spectroscopy. TGA (Perkin-Elmer, USA) was carried out for the
composite nanofibers under nitrogen ambient with a flow rate of
20 mL/min. The samples were heated from 30 to 800 1C at a
rate of 10 1C/min. Differential scanning calorimetry (DSC,
Perkin-Elmer, USA) characterizations were performed for the
electrospun nanofibers. The UV–vis spectra were measured in
the range of 200–800 nm by using a UV–vis spectrometer
(Lambda 900, Perkin-Elmer, USA). Mechanical properties were
measured with a universal testing machine (AG-5000 G, Shi-
madzu, Japan), under a head speed of 10 mm/min at room
temperature. The samples were prepared in the form of standard
dumbbell shapes according to ASTM Standard D638 by using
die cutting of the electrospun mats and tested in the machine
direction.

3. Results and discussion

Fig. 1(a)–(c) shows the SEM images of the pristine Nylon66,
Nylon66/MWCNT and Nylon66/TMWCNT composite nanofi-
bers. As shown in these figures, the pristine and composite
nanofibers were observed to be smooth and bead-free nature.
Also, it was observed that a very clear arrangement of ultra-fine
mesh-like nanofibers strongly bound within the main nanofibers.

Fig. 2(a)–(c) shows the FESEM images and FESEM EDX
spectra of pristine Nylon66, Nylon66/MWCNT and Nylon66/
TMWCNT composite nanofibers. Ultra-fine nanofiberes were
observed in the Nylon66 and Nylon66/MWCNT and Nylon66/
TMWCNT composite mats which results in a large surface to
volume ratio. The nanofiber diameter was in the range of 200–
300 nm, whereas the diameter of ultra-fine nanofibers formed
in between the main nanofibers was in the range about
10–50 nm. The Nylon66 bearing reactive functional groups
that may yield reactions of chemical exchange when they are
mixed with solvent (formic acid) resulted in a poly-electrolytic
behavior of the solution [28,29] forming ultra-fine nanofibers.
As shown in EDX spectra, no other element impurity is
detected indicating that the final product is free of impurity.
The successful incorporation of MWCNT in the Nylon66
composite nanofibers was confirmed by the EDX spectra.

Detailed XRD analysis of pristine and composites of
MWCNT, TMWCNT, Nylon66, Nylon66/MWCNT and
Nylon66/TMWCNT samples were performed to study the
comparative structural characterization. The XRD diffracto-
grams of these pristine and composite materials are shown in
Fig. 3. As indicated, three distinct diffraction peaks were
appeared at 2θ value of 15.45, 25.1 and 41.991 corresponding
to the (100) and (010) and (110) planes of MWCNT,
respectively. On the other hand, the treated MWCNT showed
only one broad peak at 24.251 corresponding to (010) plane.
The other two diffraction peaks were disappeared due to the
acid treatment of MWCNT. In the case of Nylon66 nanofibers,
two prominent diffraction peaks at 15.9 and 22.51 correspond-
ing to (100) and (010) planes are indexed and for the Nylon66/
MWCNT composite nanofibers the diffraction peaks at the 2θ
value of 20.451 and 23.481 are assigned to the (100) and (010)
planes. On the other hand, the diffraction peak of Nylon66/
TMWCNT showed a broad peak 15–221 centered at 181
was observed. This broad diffraction peak indicates that
the Nylon66/TMWCNT composite nanofibers were of amor-
phous nature. The diffraction peaks of electrospun fibers were



Fig. 2. FESEM images and FESEM-EDX spectra of (a) Nylon66, (b) Nylon66/MWCNT and (c) Nylon66/TMWCNT nanofibers.
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reduced because the macromolecular chain was loosely
arranged due to the rapid evaporation of solvent during the
electrospinning process [30]. The XRD results indicated that
electrospun composite nanofibers possessed a lower degree of
crystallinity than pristine Nylon66 nanofibers. No significant
diffraction peaks of any other phases or impurities can be
detected in the XRD patterns, which indicate the successful
formation of Nylon66, Nylon66/MWCNT and Nylon66/
TMWCNT composite nanofibers.

The structural configurations of MWCNT, TMWCNT,
Nylon66, Nylon66/MWCNT and Nylon66/TMWCNT composite
nanofibers were characterized by using FT-IR spectroscopy.
Fig. 4 illustrates the FT-IR spectra of the interaction between
pristine and composite materials. As shown in the FT-IR
spectrum of MWCNT, the peaks at 1634 and 1795 cm−1

correspond to C¼O and C–O stretching modes. The two weak
peaks at 2917 and 2847 cm−1 correspond to the –CH stretching
mode. A broad peak corresponding to strong transmittance from
3200 to 3400 cm−1 can be ascribed to –OH stretching vibration in
–COOH group [31]. On the other hand, a significant structural
change was observed in the case of treated MWCNT. The
intensity of C¼O, C–O stretching modes and –OH related
bonding were significantly reduced for the TMWCNT. After acid
treatment MWCNT show a reduced IR peak at 1634 and
1795 cm−1 indicating that the decreasing of C¼O stretching
vibration of carboxylic acid groups [32,33]. A strong and sharp
peaks at 1631 and 1707 cm−1 are ascribed to C=O stretching
vibration due to the formation of amide linkage; and another peak
at 1184 cm−1 corresponds to C–N stretching of amide group for
the Nylon66 nanofibers was also assigned. The two weak peaks
at 2917 and 2847 cm−1 correspond to the –CH stretching mode.
On the other hand, the C=O stretching vibration peaks signifi-
cantly increased for the Nylon66/MWCNT and Nylon/
TMWCNT composite nanofibers. Additional peak at 725 cm−1

corresponds to the bending vibration of C=O group was also
appeared for the composite nanofibers. It is importantly noted that
the drastic reduction of the broad peak around 3200–3400 cm−1

due to –COOH functional groups which gets converted into
polyimide. The peak around 1550 cm−1 is attributed to the C=C
stretching mode associated with sidewall attachment for the acid
treated MWCNT. Therefore, the incorporation of TMWCNT
might perturb the intermolecular interaction of hydrogen bonding
between polyamide molecules, but not transform the crystal phase
structure of Nylon66. These FT-IR data clearly confirms the
successful incorporation of MWCNT and TMWCNT into
Nylon66 composite nanofibers.
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Fig. 5 shows the Raman spectra of the MWCNT, TMWCNT,
Nylon66, Nylon66/MWCNT and Nylon66/TMWCNT. The
MWCNT functionalization was further confirmed by observing
the structural and morphological changes in pristine and
composite materials using Raman spectroscopy. The covalent
attachment of functional entities and the hybridization of side-
wall of C atoms had a significant effect on the intensity ratio of
the Raman bands. Raman analyses have been demonstrated in
two characteristic peaks at 1330 cm−1 (D band) and 1585 cm−1

(G band). The D band arises from the generation of sp3 C atoms
as defects in the sp2 carbon lattice, whereas the G band indicates
the presence of ordered sp2 hybridization [34,35]. The intensity
ratio between the D and the G bands (ID/IG) indicates the
extent of functionalization. The treated MWCNTs exhibited a
pronounced increase in the ID/IG ratio when compared to the
pristine MWCNTs, which was indicative of covalent sidewall
attachment of the functional groups. The components MWCNT
composite nanofibers were semi-quantitatively evaluated using
Raman spectroscopy. As shown in Fig. 5, the Raman spectra of
MWCNT and TMWCNT, Nylon 66 and the composite
nanofibers, the G band at 1580 cm−1 did not overlap with any
bands in the Nylon66 spectrum and therefore can be used as the
reference for the semi-quantitative comparison of MWCNT
composition with the composite nanofibers. The band at
1640 cm−1 is due to C–O stretch of amide groups in Nylon66
[36]. As we incorporate MWCNT and TMWCNT in to
Nylon66, the intensity of D and G bands became much reduced
than that of pristine materials. Raman spectra provide further
evidence of –COOH functionalization of the MWCNT with
electrospun Nylon66 composite nanofibers. Also, the D band of
Nylon66/MWCNT is shifted upward from 1330 to 1370 cm−1

as compared to pristine MWCNT. The disorder nature of
Nylon66/MWCNT and Nylon66/TMWCNT composite nanofi-
bers was attributed to sp3-hybrized carbon in the MWCNT
walls and amorphous carbon. For the acid treated MWCNT, the
–COOH groups can act as electron acceptors which are
covalently attached to the nanotube walls. The FT-IR and
Raman measurements effectively show that MWCNT with –

COOH functional groups was produced during the acid treat-
ment and subsequently converted to functionalize MWCNT as
evidenced by the amide group. This result is in good agreement
with the FT-IR data.
Fig. 6 shows the TGA analyses of Nylon66, Nylon66/MWCNT

and Nylon66/TMWCNT composite nanofibers. Typical TG curves
and the corresponding derivative thermogravimetric (DTG) curves
obtained at a heating rate of 10 1C/min for Nylon66, Nylon66/
MWCNT and Nylon66/TMWCNT composite nanofibers are
shown in Fig. 6(a) and (b). The small humps at around 300–
350 1C in the DTG curves are due to the loss of moisture in
Nylon66/MWCNT sample. The onset of decomposition of pristine
and composite nanofibers was found to be in the range of 300–
420 1C, as shown in Fig. 6(a). The Nylon66/MWCNT nanofibers
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showed reduced onset decomposition temperature and multi-step
degradation than that of the pristine and Nylon66/TMWCNT
composite nanofibers. This result is attributed to the low molecular
weight oligomers present in the nanofibers. On the other hand, the
functionalized Nylon66/TMWCNT nanofibers exhibited single-
step degradation with increased onset decomposition temperature.
As expected, the residual weight slightly increases with the
addition of MWCNT in the Nylon66 nanofibers. As shown in
Fig. 6(b), the derivative TGA curves correspond to Nylon66/
MWCNT showed multi-stage degradation peaks.

DSC was employed to evaluate the effect of MWCNTs on
the phase transition behavior of pristine and composite
nanofibers. Fig. 7 shows the DSC of Nylon66, Nylon66/
MWCNT and Nylon66/TMWCNT composite nanofibers. For
the pristine Nylon66 nanofibers (Fig. 7a), the glass transition
temperatures were appeared at 238 and 248 1C. The behavior
of multi-melting peaks in Nylon66 has been observed and
discussed before for both pristine Nylon66 [37,38] and
Nylon66 composites [39–43]. Bell et al. reported that Nylon66
exhibited two melting peaks, which might appear singly or
together depending on the annealing and drawing treatment
[44]. The glass transition temperature was found to be
increased with the incorporation of MWCNT and TMWCNT.
The crystallization temperature of pristine Nylon66 nanofi-

bers appeared at 232.4 1C (Fig. 7b). The crystallization
temperatures of Nylon66/MWCNT and Nylon66/TMWCNT
composite nanofibers were of 235.6 and 230.7 1C, respec-
tively. In addition, the crystallization temperatures were
slightly shifted toward lower and higher temperature for the
TMWCNT and MWCNT incorporated composite nanofibers,
respectively. The DSC results indicates that the pristine
Nylon66 nanofibers in the relaxed state, good crystallization
occurs from melting and annealing without any constraint, and
that drawing of pristine Nylon66 nanofibers leads to well-
developed crystallization with molecular orientation. However,
when the MWCNT are incorporated, the Nylon66 nanofibers
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well mixed with MWCNT are difficult to crystallize perfectly
under highly stressed conditions such as drawing, because the
presence of well-dispersed MWCNT interrupts the chain
mobility of the Nylon66 molecules, which depresses crystal-
lization. Therefore, these results indicate that the crystallization
of composite nanofibers is largely affected by the stressed state
of nanofibers and MWCNT dispersion in polymer matrix, as
well as by the mechanical properties of the composite fibers.

Fig. 8 shows the strain–stress curves of the Nylon66,
Nylon66/MWCNT and Nylon66/TMWCNT nanofibers. The
mechanical properties of the composite nanofibers such as
Young's modulus, tensile strength and elongation-at-break
appeared to be increased than those of the pristine Nylon66
nanofibers (Table 1). Generally, MWCNT-based polymer
composites have better mechanical properties than pristine
polymers owing to the reinforcing effect of MWCNT.
Although the Young's modulus of the Nylon66/MWCNT
nanofibers was observed to be highest (46 MPa) among all
the samples, however, in this study, the electrospun Nylon66/
MWCNT composite nanofibers showed very poor breaking
stress (28%) than that of pristine Nylon66 nanofibers (61%).
On the other hand, the treated and functionalized Nylon66/
TMWCNT composite nanofibers showed higher breaking
stress (82%) than the pristine Nylon66 nanofibers at the same
draw ratio. Therefore, we believe that the functionalized
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Table 1
Mechanical properties of the electrospun pristine Nylon66, Nylon66/MWCNT
and Nylon66/TMWCNT nanofibers.

Sample Young's
modulus (MPa)

Tensile
strength (MPa)

Elongation
at break (%)

Nylon66 29.0573.2 6.5870.8 6171.2
Nylon66/MWCNT 46.774.1 8.9771.3 28.570.6
Nylon66/TMWCNT 36.5872.7 11.3971.1 82.271.8
MWCNT can improve the overall mechanical properties of
the Nylon66/TMWCNT nanofibers, which is advantageous as
per the applications are concerned. In many CNT/polymer
composites, well-dispersed CNT have induced polymer crys-
tallization and thus improve the breaking stress of the
composites [23–25]. In another study, it was reported that
the filling of treated-MWCNTs into the epoxy matrix would
result in the descent of bending property of the epoxy
composites [36]. Therefore, it is important to understand
why the Nylon66/MWCNT and Nylon66/TMWCNT compo-
site nanofibers showed different breaking stress at the same
draw ratio when compared to pristine Nylon66 nanofibers,
which differs from MWCNT composites in the bulk state.
Nylon66 in the presence of formic acid under goes a chain

breaking reaction and can produce the zwitter ions which
results in the formation of ultra-fine nanofibers. The pristine
MWCNT when mixed in to the Nylon66 solution, the amine
functionalization of the MWCNT takes place and so the
functionalized MWCNT form again the bond between the
NH CO which results in the aggregation of the MWCNT in the
solution. Whereas the –COOH functionalized MWCNT when
added in to the solution they react with the zwitter ion (the
zwitter ion act as the surfactant) and COOH+NH2 forming the
amide bond that helps in the free dispersion of the MWCNT.
That's why the –COOH functionalized MWCNT incorporated
in to Nylon66 composite nanofiber mats exhibited a good
mechanical properties compared to that of other samples.

4. Conclusions

We have successfully obtained MWCNT and TMWCNT
incorporated Nylon66 composite nanofibers by using electro-
spinning technique. The Nylon66/TMWCNT composite nano-
fibers showed good mechanical property. The resultant
composite nanofibers were characterized by using SEM,
EDX, XRD, FT-IR, Raman, TGA, and DSC analyses. Disper-
sion of acid-treated MWCNTs in Nylon66 composite nanofi-
bers was enhanced owing to the increased interaction between
Nylon66 molecules and functionalized groups present on the
surfaces of TMWCNT. The mechanical properties of compo-
site nanofibers were differed with the incorporation of pure and
functionalized MWCNT. These findings indicated that dis-
turbance in crystallization and the molecular orientation of
Nylon66 is caused by the highly constrained state of
MWCNT-incorporated in the composite nanofibers. However,
the enhanced the mechanical property Nylon66/TMWCNT
composite nanofibers were attributed to the crystallization of
Nylon66 molecules under stressed and relaxed states and
treated MWCNT dispersion in the polymer matrix.
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