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Morphology and mechanical properties of Nylon 6/MWNT nanofibers
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Abstract

Aligned nanofibrous nanocomposites of Nylon 6 and surface-modified multiwalled carbon nanotubes (MWNTs) were successfully synthe-
sized via electrospinning, using a rotating mandrel. Scanning electron microscopy (SEM), differential scanning calorimetry (DSC), X-ray dif-
fraction (XRD), transmission electron microscopy (TEM) and dynamic mechanical analysis (DMA) were done to characterize the morphology
and properties of the nanofibrous mats. DSC and XRD observations suggested the presence of MWNTs and the high speed take-up facilitated the
transformation of Nylon 6 from g phase crystals to a mixture of a and g phase crystals. TEM and WAXD were used to characterize the nanotube
and molecular orientations, respectively. The storage modulus of the fibers increased significantly although the concentration of MWNTs was
relatively low (0.1 and 1.0 wt%). Thus the combination of carbon nanotubes and nanoscale processing results in structural and mechanical
enhancements of Nylon 6.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Nanocomposites based on carbon nanotubes (CNTs) have
received a tremendous amount of attention during the past five
years. Individually, CNTs can achieve very high aspect ratios
because their diameters are in the range of a few nanometers
with lengths of several hundred nanometers. Additionally,
CNTs are reported to have an extremely high elastic modulus,
w1 TPa which is comparable to that of diamond (1.2 TPa).
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The strength of CNTs is 10e100 times that of the strongest
steel but at a fraction of the weight [1e4]. CNTs exhibit a
range of electrical conductivity, from metallic to moderate
band gap semiconductors depending on their structure [5]. Po-
tential applications of polymer/CNT nanocomposites include
aerospace and automotive materials (high temperature, light
weight), optical switches, EMI shielding, photovoltaic devices,
packaging (films, containers), adhesives and coatings. How-
ever, the foundations for harnessing the wealth of physics pres-
ent within nanotube structures hinge on an ability to optimize
the dispersibility and orientation of nanotubes in host mate-
rials. While a number of studies have reported on polymer/
CNT nanocomposites in which certain properties have been
enhanced, the largest property enhancements will be realized
for nanocomposites with controlled spatial distribution of the
CNTs and controlled polymer/CNT interfaces. In particular,
nanotube alignment is important, because in addition to me-
chanical properties, functional properties, such as electrical,
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magnetic and optical properties, of polymer/CNT nanocomposites
are linked directly to the alignment of carbon nanotubes in the
matrix.

Several methods have been explored for preparing aligned
CNTs in a polymer matrix, including ex situ methods [6e8],
and a range of force field methods such as mechanical shear
[9,10], magnetic [11,12] and electric fields [13]. Nanotube
alignment induced by electric fields is of relevance to our
study. Recently, electrospinning has emerged as an ideal route
for the production of aligned nanotube based nanofibrous
nanocomposites [14e18]. This technique involves applying a
high voltage to a polymer solution in a syringe and when the
voltage applied reaches a certain threshold limit, the polymer
solution overcomes surface tension and ejects a fine jet of
liquid from the tip of the needle and deposits on the collector.
The polymer jet formed undergoes a uniaxial stretching (or
elongation) by whipping instability, which reduces the fiber di-
mension from micron size (inner diameter of needle) to nano-
meter size, before depositing on the collector [19,20]. This
resulting nanofiber has several important characteristics such
as very large surface area to volume ratio (103 times that of
a micro-fiber), and flexibility in surface functionalities [21].

A number of polymer/CNT systems (both single and multi-
walled nanotubes) have been electrospun, including polyethyl-
ene oxide (PEO) [17,22], poly(methylmethacrylate) (PMMA)
[23,24], poly(acrylonitrile) (PAN) [25,26], copolymers of poly-
(lactic acid) (PLA) and PAN [27], and thermoplastic polyure-
thanes [28]. Dror et al. [22] used electrospinning to fabricate
nanofibers of poly(ethylene oxide) (PEO) with MWNTs. The
MWNTs were in the nanofibers as individual elements, mostly
aligned along the fiber axis although at some places they were
seen to be dispersed at various angles of the fiber axis. Contin-
uous carbon nanotube filled nanofiber yarns were synthesized
by Ko et al. [27]. The aligned nanotube polymer nanofibers
(copolymer of PLA and PAN) showed significant improve-
ment in mechanical properties as well as an increase in the
melting point. Salalha et al. [17] synthesized composite nano-
fibers of poly(ethylene oxide) and single walled carbon nano-
tubes. Well-dispersed and separated nanotubes were embedded
in a straight and aligned form. Sung et al. [23] synthesized
a nanofibrous membrane of poly(methylmethacrylate) and
functionalized MWNT. The nanotubes were embedded and
well aligned within the individual fibers. Excellent wrapping
of the polymer chains around the MWNT was considered as
a reason for reduction in electrical conductivity of the nano-
composite. Nanotube reinforced polyurethane and polystyrene
nanofibers were synthesized by Sen et al. [28]. Ester function-
alized single walled nanotubes were used for the synthesis of
nanofiber nanocomposite. The functionalization of the
SWNTs had a significant effect on the mechanical properties
of the composite. The tensile strength of EstereSWNTePU
membranes was enhanced by 104% as compared to electro-
spun pure polyurethane membranes, while an increase of
only 46% was achieved by incorporating as unmodified-
SWNT in the polyurethane matrix. Ge et al. [25] synthesized
highly oriented, large area continuous composite nanofiber
sheets made from surface-oxidized MWNTs and
poly(acrylonitrile). A threefold improvement in tensile modu-
lus was observed with the addition of 20% by weight of
nanotubes.

In the present study, Nylon 6 is used for the synthesis of
aligned MWNT based nanofibrous nanocomposites via elec-
trospinning. Nylon is one of the most widely used commercial
polymer fibers with a wide range of applications. A variety of
techniques have been used to synthesize Nylon 6 fibers includ-
ing melt spinning, wet spinning and dry spinning and electro-
spinning [29e35]. The fibers synthesized are composed of
varying amounts of the two common crystalline forms of
Nylon 6, the thermodynamically stable a form and the less stable
g form. The crystalline form obtained depends on the collect-
ing speed, thermal treatment and thermo-mechanical history.
A high speed rotating collector was used to collect aligned
surface-modified MWNTs in the polymer matrix. The evolu-
tion of the crystal structure during processing was investigated
using DSC, XRD and TEM. Mechanical properties of the
fibers are correlated with the processing and morphology.

2. Experimental

2.1. Polymer solution preparation

Nylon 6 (RTP Company, USA) and 1,1,1,3,3,3-hexafluor-
2-propanol (HFP) from Fluka�, Sigma-Aldrich, USA were
used as received. Multiwalled carbon nanotubes (MWNTs),
commercially obtained from MER Corp. (USA) were pro-
duced by the arc discharge method and had a purity of 95%.
The MWNT obtained had a diameter in the range of 50e
100 nm. The surfaces of the MWNTs were modified by attach-
ing carboxylic acid functional groups. This was done by first
treating with sulfuric acid/nitric acid (3:1 v/v) followed by
sonicating in a bath for 3 h at ambient temperature. The mix-
ture was then purified by washing with distilled water (1:5 by
volume) until the complete removal of acid and was then fil-
tered [36]. Two different MWNT weight percentages, 0.1
and 1% were used for the fiber synthesis. A two-step method
was used for the dispersion of the MWNTs in the polymer
solution. Initially the nanotubes (0.1 and 1.0% by weight) were
dispersed in HFP in a 25 mL vial and sonicated for 1 h to dis-
rupt possible agglomerates. The volume of water in the bath
was enough to prevent any rise in temperature. In the second
step, the proper weight of Nylon 6 pellets was added to the
above-mentioned solution to obtain the 10% by weight of
Nylon 6/MWNT solution.

2.2. Electrospinning process

The electrospinning apparatus was composed of several
components: a high-voltage supply (Gamma High Voltage Re-
search, M826, USA), a syringe with a stainless steel needle
(21½ gauge), a syringe pump (KD Scientific Apparatus, USA),
and a stainless steel collecting drum (diameter 2.5 cm).
Aligned fibers were fabricated at three different collector
rotating speeds, 3000, 4500 and 6000 rpm corresponding to
linear velocities of 4, 6 and 8 m/s. A voltage of 15 kV was
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applied to the needle and the syringe pump was set at a flow
rate of 5 mL/h. The collecting drum was maintained at a dis-
tance of 15 cm from the tip of the needle and the electrospin-
ning process was conducted at ambient temperature.

2.3. Structural and morphological characterizations

2.3.1. Scanning electron microscopy
A scanning electron microscope (Philips SEM 515,

Holland) was used to characterize the morphology of the elec-
trospun nanofibers. The samples were sputter coated with gold
and examined at an accelerating voltage of 10 kV.

2.3.2. Differential scanning calorimetry
A differential scanning calorimeter (TA Instruments DSC

Q100) was used to study the melting behavior of the nanofib-
ers. The sample was ramped at 10 �C/min from room temper-
ature to 250 �C under a nitrogen atmosphere.

2.3.3. X-ray diffractometry
X-ray diffraction patterns were obtained using a Siemens

D500 diffractometer. A voltage of 40 kV and a current of
30 mA using a Cu Ka radiation (l¼ 1.5418), 0.02� 2-q step
and a dwell time of 5 s per step were used. A Rigaku
RU200 rotating anode generator equipped with a Stratton cam-
era was used to acquire two-dimensional Wide Angle X-ray
Diffraction (WAXD) patterns. Nickel filtered Cu Ka radiation
was used at an accelerating voltage of 50 kV/170 mA. The
data were collected on phosphor image plates and digitized
using a Molecular Dynamics scanner.

2.3.4. Mechanical characterization
The storage modulus of the non-woven nanofibrous mats

obtained was measured using a Dynamic Mechanical Analyzer
equipped with a tensile fixture (TA Instruments DMA 2980).
The tensile force was applied parallel to the orientation direc-
tion. A frequency sweep from 0.1 to 100 Hz using an ampli-
tude of 15 mm and a preload force of 0.01 N were used to
get the viscoelastic response at room temperature.

3. Results and discussion

3.1. Morphological characterization

The morphology of the electrospun fiber is greatly influ-
enced by the polymer solution properties (viscosity, surface
tension, etc.). The optimization of this parameter was obtained
by varying the concentration of the polymer solution. The op-
timized solution was then spun on a static collector and the
morphology of the non-woven was studied using SEM. An
SEM image of pure Nylon 6 spun onto a static collector
(Fig. 1) shows relatively smooth, defect-free fibers. Also the
fibers obtained had cylindrical morphology and no fiber bun-
dles, indicating that the tip-to-collector distance was adequate
for proper evaporation of the solvent. The diameters of the
fibers obtained were within the range of 600 nme1.5 mm.
Aligned electrospun fibers of pure Nylon 6, collected at
varying collector speeds are shown in Fig. 2. At 4500 rpm
the fiber diameter decreased to a range of 500 nme900 nm,
which is much lower than the diameters in the randomly ori-
ented fiber mat, suggesting that further stretching of the fibers
is obtained with rotation of the collector system. This stretch-
ing effect as well as the whipping elongation contributes to the
alignment of the nanotubes in the polymer fiber. Fig. 3 shows
SEM images of nanocomposite fibers with 0.1% by weight of
MWNT. These fibers have significantly smaller diameters than
the neat Nylon 6 fibers, ranging from 250 nm to 750 nm. A
similar trend in the morphology was observed on Nylon 6/
1.0 wt% MWNT nanocomposite fibers.

3.2. Melting, crystallization and orientation behaviors

XRD and DSC studies were used to study the melting and
crystallization behaviors of both the neat Nylon 6 and the Ny-
lon 6/MWNT nanocomposite nanofibers. Fig. 4 shows XRD
scans acquired in reflectance mode for the neat resin at differ-
ent collector speeds. A diffraction peak at 2q angle of 22�,
characteristic of g crystals, was observed for the neat Nylon
6 nanofiber specimen collected at 3000 rpm [37]. As the
take-up speed increases, in addition to the g phase, two dis-
tinct peaks at 2q angles of 20� and 24� (d-spacing of 4.43 Å
and 3.7 Å, respectively), characteristic of the a phase also ap-
pear, suggesting that a mixture of the a and g phases is now
present. The g phase remains the dominant phase, however.
The a phase is known to be the thermodynamically stable
phase, and consists of sheets of hydrogen-bonded chains,
packed in an anti-parallel manner. The g phase is the least sta-
ble phase, and arises from random hydrogen bonding between
parallel chains [37]. Clark has shown, for several configura-
tionally directional polymers, including Nylon 6 that polymor-
phism must occur during fiber formation from the melt, since
only a portion of folded chains is unfolded [38]. In our case,
the rapid solvent evaporation during spinning leads to the
less ordered g phase, and the increased rotation speed of the
collector helps to partially transform the structure to a phase.

Fig. 1. SEM of non-woven, randomly oriented Nylon 6 fiber mat with uniform

diameters.
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(a) (b)

(c)

Fig. 2. SEM image of neat Nylon 6 fibers collected at (a) 3000, (b) 4500 and (c) 6000 rpm. Arrows denote alignment direction.
These findings are also consistent with those reported by other
researchers [33,34]. Fig. 5 shows the effect of carbon nanotube
loadings on the Nylon 6 structure, for a collector speed of
3000 rpm. As the nanotube loadings increase, the structure
transforms from the single g phase for the neat Nylon 6, to
a mixture of g and the more stable a phases. Fong et al.
[35] have shown that cast films of Nylon 6 showed only the
presence of a crystals while electrospun fibers showed g
(a) (b)

(c)

Fig. 3. SEM image of Nylon 6/0.1 wt% MWNT nanocomposite nanofibers collected at (a) 3000, (b) 4500 and (c) 6000 rpm. Arrows denote alignment direction.
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crystals, suggesting that electrospinning favors the less stable
phase. Vasanthan and Salem [40] have studied the effect of
draw ratio on Nylon 6 fibers spun from the melt, and showed
that at higher draw ratios (DR¼ 4) the WAXD patterns showed
only the presence of a crystals. Liu et al. [33] have studied the
effect of nucleating agents on the modification of crystal struc-
ture of Nylon 6. It was observed that only drawing and anneal-
ing of the fibers influence the a to g crystal transformation.

Fig. 6 shows the effect of MWNTs and take-up velocities
on the melting behavior of the polymer, measured by DSC.
The neat resin exhibits multiple melting endotherms, marked
as Tm,1 (214 �C) and Tm,2 (223 �C), corresponding to melting
of the g and a phase crystals. The a melting peak becomes
more distinctive at the highest take-up speed. A fraction of
the g phase is still present, as shown by the subtle shoulder
in the DSC scan for the sample collected at 6000 rpm. This
finding is different from what is observed in the XRD data,
which shows a mixture of the a and g phases. The dominance
of the g phase in the XRD scans, would be expected, since
a significant level of statistical directional disorder would be
expected from the e-spinning. However, the dominance of
the a phase in the DSC scans may be due to melting and re-
crystallization of the lower order g phase crystals into a phase
crystals during heating in the DSC. The melting temperature
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Fig. 4. XRD patterns of neat Nylon 6 fibers collected at different rotation

speeds.
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Fig. 5. XRD patterns of fibers with different nanotube loadings at 3000 rpm.
(Tm,2) and the % crystallinity variation of Nylon 6 with addi-
tion of MWNT and take-up speed are shown in Table 1. The
degree of crystallinity was calculated using an enthalpy of
fusion of 190 J/g for the fully crystalline material [39] and
the peaks for the a and g phases were used to compute the

Fig. 6. DSC thermographs showing the effect of MWNT on the melting behav-

ior of Nylon 6 at (a) 3000, (b) 4500 and (c) 6000 rpm take-up speeds.
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enthalpy of fusion. The melting temperatures show essentially
no change with increased take-up speed and nanotube loading.
Morphological differences may have been erased by the an-
nealing effect of the DSC scan, as discussed earlier. For the
neat resin, the degree of crystallinity drops, then recovers as
the take-up velocity increases. Although the % crystallinity re-
covers at the highest take-up velocity, the overall magnitude is
still less than that for the lowest take-up velocity. For a given
collector speed, a slight crystallinity increase with nanotube
loading is observed. When similar nanotube loadings are com-
pared, essentially no change in crystallinity with take-up speed
is observed. A similar trend was observed by Liu et al. [37] for
the crystallization behavior of melt compounded Nylon 6/
MWNT nanocomposite. They observed that the metastable g
crystals were transformed to stable a crystals with increased
annealing temperature. Similarly, Fong et al. [35] have ob-
served the formation of g phase in the neat Nylon 6 and Nylon
6/montmorillonite nanocomposite electrospun nanofibers.
These observations suggest that metastable g form is the pre-
ferred form of crystal structure of Nylon 6 in melt spinning
as well as electrospinning.

In our study, the combination of the MWNTs, which can be
considered as a nucleating agent, and the electrospinning pro-
cess, resulted in a mixture of the two phases. This is in contrast
to electrospun Nylon 6/silicate nanofibers, which were found
to crystallize in only the g form by Fong et al. [35]. It should
be noted that since they used a manually oscillated target to
collect aligned fibers, the collector speed was much lower

Table 1

Effect of take-up speed and MWNT on the melting and crystallinity of Nylon 6

Take-up speed (rpm) Sample Tm (�C) % Crystallinity

3000 Neat Nylon 6 221 43

Nylon 6/0.1 wt% MWNT 224 36

Nylon 6/1.0 wt% MWNT 222 32

4000 Neat Nylon 6 221 27

Nylon 6/0.1 wt% MWNT 223 35

Nylon 6/1.0 wt% MWNT 223 40

6000 Neat Nylon 6 224 38

Nylon 6/0.1 wt% MWNT 223 35

Nylon 6/1.0 wt% MWNT 223 39
than those used in our study. The confining effect of the
two-dimensional environment of the silicates (versus the
one-dimensional nature of the nanotubes) is believed to play
a large role in disrupting packing of the chains into the a phase
[37]. In the case of the Nylon 6/MWNTs, the rapid solvent loss
prevents formation of anti-parallel packing, leading to g phase
formation. A comparison of the effect of the nanoparticle on
the crystal structure of Nylon 6 can be extended to melt extru-
sion. The melt extruded Nylon 6/MWNT nanocomposites
were shown to be composed of only the a phase crystals, while
melt extruded Nylon 6/silicate nanocomposites were found
to be composed of only the g phase crystals as represented
elsewhere [41].

Two-dimensional XRD scans of the neat Nylon 6 and nano-
composite fiber samples provide further insight into the effect
of the processing conditions of the structure formation and de-
gree of order. Two-dimensional XRD patterns obtained from
the Nylon 6/1.0 wt% MWNT samples are shown in Fig. 7.
A small degree of orientation, as denoted by non-uniformity
in the diffraction rings, is observed for the lowest take-up ro-
tation speed, and more distinct equatorial arcs are evident as
the take-up speed increases. Azimuthal scans from the (200)
reflection permit calculation of a Herman’s orientation factor
( f ) for the polymer. This is based on Herman’s orientation
equation:

f ¼
3
�
Cos2 4

�
� 1

2

where 4 defines the average angle between the molecular axis
and the fiber direction [42]. Values of f for the neat Nylon 6
and nanocomposite fibers are listed in Table 2. The increasing

Table 2

Effect of take-up speed and MWNT on the orientation

Take-up

speed (rpm)

Herman’s orientation factor

Neat

Nylon 6

Nylon 6/0.1 wt%

MWNT

Nylon 6/1.0 wt%

MWNT

3000 0.149 0.14 0.155

4500 0.172 0.23 0.18

6000 0.204 0.19 0.19
(a) (b) (c)

Fig. 7. Two-dimensional XRD scans for Nylon 6/1 wt% MWNT nanocomposite fibers at (a) 3000, (b) 4500 and (c) 6000 rpm.



1102 M.V. Jose et al. / Polymer 48 (2007) 1096e1104
120 180 240

200

300

400

500

600

700

800

Azimuth, degrees
120 180 240

Azimuth, degrees

Nylon + 0.1% MWNT

6000 rpm

3000 rpm

200

400

600

800

1000

1200

Nylon + 1.0% MWNT

6000 rpm

4500 rpm

3000 rpm

In
te

ns
ity

, a
.u

.

In
te

ns
ity

, a
.u

.

Fig. 8. Azimuthal scans of fibers with (a) Nylon 6/0.1% MWNT and (b) Nylon 6/1.0% MWNT at different take-up speeds.
values of f suggest a slight increase in molecular orientation
with take-up rotation speed. The degree of orientation of
neat Nylon 6 fibers is lower than the value of 0.8 as reported
by Salem et al. for micron-sized Nylon 6 fibers spun using
melt extrusion [29]. The high draw ratio that the jet experi-
ences during the electrospinning process could presumably re-
sult in higher chain orientation, however, the rapid solvent
evaporation is believed to inhibit development of high degrees
of order. It is noteworthy that the orientation parameters as
well as the degree of crystallinity of the nanocomposites (Ta-
bles 1 and 2) are higher than that obtained for the randomly
aligned electrospun neat Nylon 6. This observation for the
neat Nylon 6 was also reported by Fong et al. In addition to
the polymer chain orientation, electrospinning can align the
nanotubes, which can then serve as oriented nuclei for the
polymer [26]. Herman’s orientation constants can, in principle,
be computed using Azimuthal scans (an example of which is
shown in Fig. 8) from the (002) reflection from the MWNTs,
which appears at 2q angle of 26.5�, and corresponds to a
d-spacing of 0.336 nm [26] along the fiber axis. However,
this peak was not visible in the samples used in the present
study, presumably due to their low concentration in the poly-
mer matrix. Alignment of the nanotubes can be visualized in
the TEM image shown below (Fig. 9) for Nylon 6/1.0 wt%
MWNTs. In particular, the image in Fig. 9b shows a single,
aligned nanotube embedded in the fiber. The length of the
nanotube (ca. 400 nm) relative to the fiber diameter (ca.
50 nm) requires that nanotube be highly aligned. Thus the
nanotubes appear to be more aligned than the Nylon 6 crystal-
lites. This finding is similar to that reported in a related study
of electrospun PAN/MWNT nanofibers, in which the nano-
tubes had much higher orientation constants than the polymer
crystallites [26]. During electrospinning, the orientation of the
small PAN crystals could relax faster than the MWNTs, and as
a result, the MWNTs could retain a higher orientation than the
smaller PAN crystals. In our study, a possible explanation is
that due to the lack of hydrogen bond optimization during
spinning, there is no mechanism for ‘‘locking in’’ the crystal-
lite orientation. A similar result was obtained for the 0.1 wt%
sample.

To confirm the effect of MWNTs on structural transforma-
tions, annealing was done on the fibers collected at 6000 rpm.
The samples were annealed at 200 �C [40] for 1 h. Fig. 10
shows the XRD patterns obtained after annealing; clearly the
fibers with a higher percentage of nanotubes attained a larger
amount of a crystals, suggesting that MWNTs play a major
100 nm

(a) (b)

Fig. 9. TEM of 1.0 wt% carbon nanotube in Nylon 6. Black arrows denote nanotubes and white arrow denotes fiber axis.
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role in the crystal structure transformation. This is in contrast
to the observations by Liu et al. [33] which suggested that the
presence of nucleating agents had no effect on the crystal
structure formation.

3.3. Mechanical characterization

Dynamic mechanical analysis was conducted to study the
effect of nanotube loading and collector speed on the modulus.
The tensile stress was applied parallel to the orientation axis.
A plot of data collected at 6000 rpm is shown in Fig. 11, and is
typical of the data those were collected. The storage modulus
values tabulated in Table 3 were obtained at a frequency of
10 Hz. A twofold modulus increase is observed for the neat
Nylon 6 as the speed increases from 3000 to 4500 rpm, with
little increase at 6000 rpm. The aligned fibers exhibited a much
higher stiffness than the randomly aligned, non-woven mat. A
very modest increase in modulus with nanotube loading at a
given collector speed is observed, except for 6000 rpm, which
exhibited a twofold modulus increase. The largest increase
in modulus is observed for the 1 wt% nanotube loading at

Fig. 10. XRD patterns of annealed fibers with different nanotube loadings at

6000 rpm.
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Fig. 11. Effect of MWNT on storage modulus of the non-woven aligned fiber

mat at 6000 rpm.
6000 rpm. This is expected since the enhanced drawing of
the non-woven fiber will result in fiber rearrangement with
the testing direction, facilitating support of the load. The effect
of nanotube loading can be discerned by examining the modulus
versus nanotube weight percent at a given collector speed. The
most significant effect is seen at 6000 rpm, where the modulus
is twice that observed at 4500 rpm. The higher property
exhibited by the nanocomposite fibers correlates well with the
morphological studies. First, the TEM data suggest that the
nanotubes are well-dispersed and aligned in the matrix. Also,
the DSC and XRD data show a transformation from the meta-
stable g crystal phase to a phase that contains more of the a crys-
tals, which are known to have better mechanical properties.

4. Conclusion

Aligned nanofibrous nanocomposites of Nylon 6 and sur-
face-modified MWNTs were successfully synthesized via
electrospinning. SEM observations suggested that with in-
creasing amounts of MWNTs the fiber diameters decreased and
fiber with uniform diameter was obtained. XRD and DSC
studies showed that the neat Nylon 6 transformed from a
pure g phase to a mixture of a and g phases as the collector
speed increased. For the nanocomposite, increasing the con-
centration of the nanotubes (without varying the take-up speed)
promoted a similar transformation. The orientation of the
molecular chains, as determined from Herman’s orientation
parameters, was relatively low, while TEM showed high nano-
tube alignment. We believe that during the electrospinning
process, the nanotubes are oriented by the charged fluid jet,
and then serve as oriented nuclei for the polymer chains. On
the other hand, the lack of hydrogen bond optimization during
electrospinning negates ‘‘locking in’’ of nylon crystallite ori-
entation. The effect of nylon fiber alignment and enhanced
carbon nanotube orientation was also manifested in mechani-
cal properties, which increased with take-up speed and nano-
tube concentration. These factors (MWNTs and high take-up
speed) acting concomitantly resulted in the formation of
aligned nanofibrous composites with multiwalled carbon
nanotube alignment and mechanical stiffness.

Table 3

Storage modulus of Nylon 6 at different take-up speeds and different nanotube

loadings

Take-up speed (rpm) Sample Storage modulus

at 10 Hz (MPa)

3000 Neat Nylon 6 58

Nylon 6/0.1 wt% MWNT 146

Nylon 6/1.0 wt% MWNT 180

4500 Neat Nylon 6 140

Nylon 6/0.1 wt% MWNT 147

Nylon 6/1.0 wt% MWNT 187

6000 Neat Nylon 6 202

Nylon 6/0.1 wt% MWNT 238

Nylon 6/1.0 wt% MWNT 520
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