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Abstract

Nanocomposite fibers of nylon-6 and an organically modified montmorillonite (O-MMT), Cloisite-30B, were prepared by electrospinning. Dis-
persion and exfoliation of O-MMT in nylon-6 were achieved by melt-extrusion in a twin-screw extruder prior to dissolving in aqueous formic acid
for electrospinning. The effects of O-MMT layers on the properties of the nylon-6 solution and electrospun nanocomposite fibers were investigated.
Homogeneous, cylindrical nanocomposite fibers with diameters ranging from 70 to 140 nm could be prepared from the 15% composite solution.
The O-MMT layers were well exfoliated inside the nanocomposite fibers and were oriented along the fiber direction. Both the degree of nylon-6
crystallinity and the crystallite sizes increased for the nanocomposite fibrous mats, most significantly for those composed of the smallest fibers
electrospun from 15% solution. The mechanical properties of the electrospun fibrous mats and single fibers depended not only on the addition
of O-MMT layers but also on the sizes of the fibers. Smaller fibers exhibited higher Young’s modulus.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer/layered silicate nanocomposites (PLSNs) have at-
tracted much attention in the last decade due to their increased
modulus and strength and improved thermal and barrier proper-
ties [1,2]. Because of the nanometer size and high surface area
of silicate layers, the significantly improved properties of
PLSNs can be achieved with the silicate content lower than
5% when the silicate layers are homogeneously exfoliated in
the polymer matrix [3,4]. The exfoliation of silicate layers is
usually attained by in situ polymerization [5] or by polymer
melt-extrusion [2]. The extrusion method has been shown to
be more efficient and environmentally benign [3]. The exfolia-
tion of silicate layers in a polymer matrix can also be improved
by modifying the surface of pristine silicate layers with organic
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cations, such as alkylammonium, which renders the normally
hydrophilic silicate surface organophilic [1].

The majority of research on PLSNs has focused on the
molded bulk materials [1,2,5e7] with very few studies being
reported more recently on the formation of PLSN fibers by elec-
trospinning [8e12]. Since the mechanical properties of fibers in
general improve substantially with decreasing fiber diameter,
there is considerable interest in the development of continuous
electrospun polymer nanofibers [13]. Lincoln et al. reported
that the degree of crystallinity of nylon-6 annealed at 205 �C in-
creased substantially with the addition of MMT, implying that
the silicate layers could act as nucleating agents and/or growth
accelerators [5]. In contrast, the study of Fong et al. showed
a very similar overall degree of crystallinity for electrospun
nylon-6 and nylon-6/Cloisite-30B nanocomposite fibers con-
taining 7.5 wt% of O-MMT layers [8]. Fornes and Paul have
found that O-MMT layers could serve as nucleating agents at
low concentration, 3%, in nylon-6/O-MMT nanocomposite
but retarded the crystallization of nylon-6 at high concentration
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around 7% [6]. In addition, the differences in the molecular
weight of nylon-6 and the solvent used for electrospinning
are also expected to have different impacts on the mobility
of nylon-6 molecular chains and the interactions between
the nylon-6 chains and O-MMT layers, which may also affect
the crystallization behavior of nylon-6 molecules during the
electrospinning.

In the electrospinning process, a high voltage is applied to
the droplets of polymer solutions or melts to overcome the liq-
uid surface tension and enable the formation of fibers with an
average diameter in the sub-micron range [14,15]. Due to their
small fiber diameter, high surface-to-volume ratio and control-
lable porous structures, electrospun fibrous mats have been
studied for a variety of applications such as filter media
[16,17], footwear and clothing [18], reinforcement materials
[19], smart hydrogel fibers [20] and tissue engineering [21].
For most practical applications, strong polymer nanofibers are
desired. In order to improve the mechanical properties of elec-
trospun polymer fibers, nanoparticles such as layered silicates
[9,11,12] and carbon nanotubes (CNT) [22,23] have been incor-
porated to form nanocomposite fibers. Since the mechanical
properties of the electrospun fibrous mats are determined by
not only the properties of individual fibers but also by the dis-
tribution and orientation of the fibers in the mats [24], it is of
fundamental interest to investigate the mechanical properties
of both electrospun fibrous mats and a single electrospun fiber.

Although the mechanical properties of electrospun fibrous
mats can be easily measured using a tensile tester [12,24],
very few techniques have been developed to investigate the me-
chanical properties of individual electrospun fibers due to their
small diameters. Kim et al. investigated the deformation behav-
ior of poly(methyl methacrylate) (PMMA)/Na-montmorillonite
(Na-MMT) nanocomposite electrospun fibers by observing an
in situ stretched single fiber under TEM [25]. While the bulk
nanocomposite deforms in a brittle manner, the nanocomposite
electrospun fiber deforms by shear yielding in the form of neck-
ing that resulted from the ultra-highly nanoporous structures on
the fiber surface due to the presence of the nanoclay [25]. Ji et al.
characterized the surface nanomechanical properties of electro-
spun polystyrene (PS) fibers by shear modulation force micros-
copy (SMFM) and found that the relative surface modulus of
electrospun PS single fibers increased with the decreasing fiber
sizes [11]. Very recently, atomic force microscopy (AFM) has
been utilized to characterize the mechanical properties of indi-
vidual electrospun fibers. Wang et al. determined the Young’s
modulus of individual electrospun silk fibers by nanoindenta-
tion [26] and observed an increase in the Young’s modulus
with increasing degree of crystallinity of silk fibers. Bellan
et al. derived the Young’s modulus of single electrospun poly-
(ethylene oxide) (PEO) fibers from the forceedisplacement
curves obtained by depressing the individual fibers with an
AFM probe [27] and the same method was utilized in this paper.
The basis of the technique is the measurement of the deflection
of an electrospun nanofiber by application of a known load
using an AFM probe. The Young’s modulus of the fiber can be
calculated from the displacement of the fiber under the load
together with the dimension of the tested fiber. Tensile test is
another widely used method for measuring the Young’s modu-
lus of fibers, which involves measuring the loadeelongation
behavior of the fiber with known cross-sectional area [28].
The Young’s moduli of SiCefiber-reinforced DURAN glass
composites obtained from conventional three-point testing and
tensile test methods were shown to be in good agreement [29].
However, since the diameter of the electrospun nylon-6/
O-MMT fibers is only about a few hundred nanometers, it is
impossible to grip a single fiber between the clamps of a
conventional tensile tester to measure the Young’s modulus.

Since very few studies have been performed on PLSN nano-
fibers, more research needs to be conducted in this area in order
to better understand the formation and properties of PLSN
nanofibers. In this study, the nylon-6/organically modified
montmorillonite (O-MMT) nanocomposite prepared by melt-
extrusion was dissolved in aqueous formic acid and electrospun
into nanofibers. Although the solvent may form hydrogen
bonding and have electrostatic interactions with O-MMT
layers, no phase separation was observed between nylon-6
and O-MMT layers. The exfoliation of O-MMT layers in the
melt-extruded nanocomposite was well preserved in the elec-
trospun fibers. Meanwhile, the effects of O-MMT on the me-
chanical properties of electrospun nylon-6 fibrous mats and
individual fibers were investigated and compared. The en-
hanced Young’s modulus and ultimate tensile strength were ob-
served for nylon-6/O-MMT nanocomposite fibrous mats when
compared with nylon-6 electrospun fibrous mats with similar
fiber sizes. However, our results also showed that the electro-
spun nanocomposite fibrous mats would have a lower tensile
strength than pure nylon-6 fibrous mats if the nanocomposite
fibers were much larger. In other words, in order to achieve im-
proved mechanical properties for electrospun nylon-6/O-MMT
nanocomposite fibrous mats, the fiber size has to be taken into
account, which is not a concern for bulk nanocomposite mate-
rials. In addition, the Young’s moduli of individual nanocompo-
site fibers and nylon-6 fibers increased with decreasing fiber
sizes and were significantly higher for nanocomposite fibers
at the similar fiber diameters. To the best of our knowledge
this is the first time characterization of the mechanical proper-
ties of the electrospun nylon-6 and nylon-6/O-MMT nanocom-
posite fibrous mats and individual fibers has been compared.

2. Experimental

2.1. Materials

Organically modified montmorillonite (O-MMT), Cloisite-
30B, purchased from Southern Clay Products Inc. is a natural
montmorillonite modified with a quaternary ammonium ion,
Nþ(CH2CH2OH)2(CH3)T, where T represents tallow (w65%
C18, w30% C16, and w5% C14). The cation exchange capac-
ity of Cloisite-30B is 90 meq/100 g of clay. The dry particle
size distribution of Cloisite-30B is 10% less than 2 mm, 50%
less than 6 mm and 90% less than 13 mm. Each Cloisite-30B
dry particle, however, may contain several thousands or even
many more individual platelets, which may be well exfoliated,
intercalated or aggregated in the PLSNs depending on the
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interactions between polymers and O-MMT and the process-
ing techniques used to prepare the PLSNs [30]. Nylon-6
(Mw¼w10,000 Da) and 88% formic acid were purchased
from Aldrich and VWR International, respectively. All mate-
rials were used as received.

2.2. Preparation and electrospinning

Nylon-6/O-MMT composite with 5 wt% of O-MMT, desig-
nated as NC5, was prepared by blending nylon-6 and Cloisite-
30B using a twin-screw extruder operating at 250 �C and
110 rpm for 3 min under N2 protection. Both nylon-6 and
Cloisite-30B were dried at 80 �C for 24 h under vacuum before
the blending and extrusion.

Uniform nylon-6 and NC5 solutions were prepared in 88%
formic acid at room temperature by gently stirring for 8 h. All
solution concentrations are expressed as weight percentages.

The electrospinning was performed using a single syringe at-
tached to a 24 gauge needle (Hamilton 90024, VWR Inc.). The
solution was fed at a rate of 0.1 ml/h using a syringe pump
(Model 100 kdScientific) and the tip-to-collector distance was
14 cm. A high voltage power supply (Gamma High Voltage
Supply, ES 30e0.1P) was connected to the syringe needle.
The electrospinning voltage was about 29 kV. A piece of alumi-
num foil was grounded and used as the collector unless stated
differently.

2.3. Measurement and characterization

The zero-shear-rate solution viscosity was measured using
a Rheometrics AR 2000 rheometer. The solution conductivity
and surface tension were determined with a conductivity meter
(VWR International) and a wetting balance (Cahn D200, TRI),
respectively.

The morphology of the electrospun fibers was observed with
a scanning electron microscope (SEM, LEICA 440). The fibers
were coated with gold and observed under 25 kV accelerating
voltage. About 100 electrospun fibers were measured using im-
age analysis software (Scion Image, NIH Image software) to
obtain the fiber size distribution. Transmission electron micro-
scope (TEM) images of fibers were obtained using an LEO 922
energy filtered TEM (EFTEM) operating at 200 kV. Thin cross
sections of fibers were prepared in order to observe the distribu-
tion of silicate layers within the nanocomposite fibers. The fi-
bers were embedded in epoxy and sectioned at approximately
70 nm thickness using a microtome (Sorvall Ultra Microtome,
MT 5000, DuPont) equipped with a diamond knife at room tem-
perature. The sections were then stained with osmium tetroxide
for 1 h and imaged using a JEOL 1200EX TEM operating at
120 kV. Amorphous nylon-6 film was prepared by melting ny-
lon-6 pellets at 250 �C for about 5 min and quenching in liquid
nitrogen. Wide angle X-ray diffraction (WAXD) was conducted
using a Scintag PADX diffractomer using an incident X-ray
wavelength of 1.542 Å at a step rate of 0.02� and at a scan
rate of 1.0�/min. The resulting plots of X-ray intensity versus
2q were analyzed by the profile-fitting program DMSNT Ther-
moARL. Areas of the peaks obtained from the analysis were
used to estimate the degree of crystallinity for each phase,
i.e., the ratio of the areas of the crystalline reflections to that
of the total area of the crystalline and amorphous phases. The
thermal behavior of nylon-6 and NC5 electrospun membranes
was determined with a differential scanning calorimeter
(DSC) (DSC 2920, TA Instruments Inc.) using w5.0 mg sam-
ples at a 10 �C/min heating rate in nitrogen. The degree of
crystallinity was calculated by subtracting the measured heat
of cold crystallization from the measured heat of fusion and
dividing by the heat of fusion of the purely crystalline forms
of nylon-6. To determine the exact amount of O-MMT in the
final electrospun nylon-6/O-MMT nanocomposite fibers, about
20 mg of previously dried nanocomposite fibers were heated at
900 �C for 45 min in the furnace of a thermogravimetric
analyzer (TGA) (TGA 2050, TA Instruments Inc.). The percent
O-MMT in the nanocomposite fibers (%O-MMT) was calcu-
lated from the following equation:

%O-MMT¼%O-MMTash=0:935

where %O-MMTash is the mass after incineration relative to the
original nanocomposite mass. The quantity 0.935 in the equa-
tion accounts for the loss of structural water during incineration
[31]. The calculated result showed that there was about 4.1 wt%
O-MMT in the nylon-6/O-MMT nanocomposite fibers.

The tensile properties of the electrospun nanofibrous mats
were measured using an Instron tensile tester (Instron 5566)
equipped with a 100 N load-cell at 65% RH and 23 �C. The
size of the electrospun mats was 50 mm in length and 10 mm
in width. The thickness of the mats was about 0.03 mm, mea-
sured using a micrometer. The gauge length was 30 mm and
the cross-head speed was 5 mm/min. The reported Young’s
modulus, ultimate strength and ultimate strain for the electro-
spun nanofibrous mats were the average of three to six tests.

The Young’s modulus of suspended nylon-6 and NC5
electrospun nanofibers was determined by depressing the
single fibers with an atomic force microscope (AFM) probe
(Dimension 3000, Digital Instruments) using the procedure
that has been previously described [27]. Instead of collecting
the electrospun fibers on a piece of static Al foil, electrospun
NC5 and nylon-6 fibers, in this case, were deposited on a
silicon chip in which several trenches had been etched. The
trenches were 10e80 mm wide and 5e10 mm deep. The silicon
chip was put on a rotating plate, which allowed us to orient the
fibers relative to the trenches. The electrospinning was con-
ducted for only a few seconds to prevent overlapping of fibers.
Single fibers, which were fully suspended and not in contact
with other fibers over the trench, were used for the
measurements.

3. Results and discussion

3.1. Fiber morphology

Both nylon-6 and NC5 were readily soluble in 88% aque-
ous formic acid. O-MMT did not precipitate from the NC5
solutions even after solutions were stored for several days. The
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zero-shear-rate solution viscosity increased with increasing
concentration for both nylon-6 and NC5 solutions (Table 1).
The NC5 solutions exhibited a 60% higher viscosity than the
nylon-6 solutions at the same solution concentration. On the
other hand, the solutions exhibited a lower conductivity at
higher concentrations for both the types of solutions. No obvi-
ous dependence of solution surface tension on concentration
was observed. Since lower solution viscosity and higher solu-
tion conductivity favor thinner fibers, the average fiber size
increase with increasing solution concentration was expected
(Table 1). SEM images of samples electrospun from the
15% nylon-6 solution showed not only fibers but also many
bead structures (Fig. 1a). However, very homogeneous fibers
without bead-on-string structures were electrospun from the
NC5 solution at the same concentration (Fig. 2a). The average
fiber diameter was approximately 100 nm (Fig. 2b). The im-
proved fiber uniformity is attributed to the higher viscosity
and conductivity of the 15% NC5 solution when compared
with 15% nylon-6 solution. Based on the fiber size distribution
of 100 fibers (Fig. 1c) from several SEM images with one
example shown in Fig. 1b, about 85% of fibers had diameters
between 100 and 180 nm and 11% of fibers larger than 300 nm.
Meanwhile, some flat-sheet or ribbon-shaped fibers with diam-
eters as large as 1 mm were observed (Fig. 1b). Fibers with
flat-sheet shape were also produced when electrospun from
20% NC5 solutions (Fig. 2c). Some flat-sheet fibers were
twisted as indicated by the arrows in the images, which
made them easy to observe (Fig. 2c). Fong et al. [8] reported
ribbon-shaped nylon-6 fibers during electrospinning of nylon-
6/hexafluoroisopropanol (HFIP) solution and speculated that
rapid solvent removal from the surface of the jet presumably
forms a skin, reducing subsequent solvent evaporation. This
skin may cause the formation of hollow tubes, which subse-
quently collapse to form ribbons. Ribbon-shaped electrospun
fibers and branched fibers have been reported from a number
of different kinds of polymers and solvents [32]. We did not
observe the flat-sheet shaped fibers, however, in samples
electrospun from 15% nylon-6 or NC5 solution. The lower
solution viscosity and higher conductivity of 15% solution
correspond to increased draw down and whipping of the fiber
close to the spinneret before the formation of a skin layer re-
sulting from the solvent evaporation from the solution jet
could occur. Meanwhile, 88% aqueous formic acid has
a much higher boiling point (bp¼ 101 �C) than HFIP
(bp¼ 59 �C), which will also decrease the opportunity for
the formation of flat-sheet or ribbon-shaped fibers.

Table 1

Solution properties and electrospun fiber diameter

Sample Concentration

(wt%)

Viscosity

(Pa s)

Conductivity

(mS/cm)

Surface

tension

(mN/m)

Fiber

size

(nm)

Nylon-6 15 0.5 4.62 41.21 e
20 1.5 4.30 42.33 120

NC5 15 0.8 4.91 41.28 95

20 2.4 4.70 41.54 400
3.2. Distribution of O-MMT layers in electrospun NC5
nanocomposite fibers

The distribution of O-MMT layers in the NC5 nanocompo-
site fibers was investigated by bright field TEM imaging. Fig. 3
shows typical TEM images of composite fibers electrospun
from 15% NC5 (Fig. 3a) and 20% NC5 (Fig. 3b) solutions.
The O-MMT layers, dark lines in the TEM images, are about
1 nm thick, indicating complete exfoliation of O-MMT layers.
All O-MMT layers are oriented in the fiber axial direction.
This orientation confirms that extensional forces are exerted
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Fig. 1. SEM images of nylon-6 fibers electrospun from (a) 15% and (b) 20%

solutions. The size distribution of nylon-6 fibers electrospun from 20% solu-

tion was shown in (c).
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Fig. 2. SEM images of nylon-6/O-MMT nanocomposite fibers electrospun

from (a) 15% and (c) 20% NC5 solutions with corresponding fiber size
on the fibers during electrospinning. Nanofibrils with diameters
below 10 nm were observed between the larger primary nano-
fibers in samples electrospun from 15% NC5 solution (Fig. 3a).
Existence of nanofibrils can be attributed to the branching of
primary nanofibers during the electrospinning [32]. The O-
MMT layers existed in the primary nanofibers only. The dimen-
sions of the branched nanofibrils were too small to hold the O-
MMT layers. The lower viscosity of 15% NC5 solution seemed
to favor the formation of nanofibrils since significantly fewer

distribution shown in (b) and (d), respectively. The magnification bar is

300 nm in (a) and 1 mm in (c). The arrows in (c) indicate the twisting part

of the flat-sheet fibers.

Fig. 3. TEM images of nylon-6/O-MMT nanocomposite fibers electrospun

from (a) 15% and (b) 20% NC5 solutions.



6213L. Li et al. / Polymer 47 (2006) 6208e6217
nanofibrils are observed from the electrospinning of 20% NC5
solutions.

The TEM images of ultra-thin nanocomposite fiber sections
confirmed that the O-MMT layers were well exfoliated inside
the fibers (Fig. 4). Since the fiber sections were only about
100 nm in diameter and 70 nm in thickness, O-MMT layers
were not observed in all fiber sections. Depending on the cut-
ting planes on the fibers, fiber sections exhibited either round
or elliptical shapes. Some fibers were cut in the direction par-
allel to the fiber axis and as a result a longitudinal section was
observed. Some O-MMT layers appeared as very thin and
straight dark lines inside the fibers and some were observed
as bent or curved thin lines. The bent O-MMT layers some-
times exhibited curvatures similar to the fiber cross-sections,
suggesting that the O-MMT layers could be bent during the
fiber formation process.

It is worth noting that the solvent used in this research, 88%
aqueous formic acid, can form hydrogen bonds with the hy-
droxyl groups on the surfaces of O-MMT layers. Electrostatic
interaction may also occur between the charged O-MMT sur-
faces and formic acid molecules since formic acid can dissoci-
ate in the aqueous environment. However, the hydrogen
bonding and electrostatic interactions between O-MMT layers
and the solvent did not cause phase separation between nylon-
6 molecules and O-MMT layers in the solution or re-agglomer-
ation of the O-MMT. The exfoliation of O-MMT layers in the
nylon-6 matrix formed during the melt compounding process
was well conserved in the electrospun nanocomposite fibers.
Similar observation on the exfoliation of O-MMT layers has
been made by Fong et al. when the nylon-6/O-MMT fibers
were electrospun from solutions of melt-extruded composite
pellets in HFIP [8]. However, O-MMT layers collapsed and
yielded intercalated O-MMT aggregates in composite fibers
electrospun from the HFIP/dimethyl-formamide (DMF) co-sol-
vent [8]. Aggregation of O-MMTwas attributed to the hydrogen

40 nm

Fig. 4. TEM image of ultra-thin sections of nylon-6/O-MMT nanocomposite

fibers electrospun from 15% NC5 solution. The arrows in the image indicate

the O-MMT layers.
bonding between DMF and O-MMT, effectively leading to
phase separation between O-MMT and nylon-6.

3.3. X-ray diffraction and thermal analysis of NC5
nanocomposite fibers

Since the number of fibers that could be observed by TEM
images was small, the distribution of O-MMT layers in the
NC5 electrospun nanocomposite fibers was further investigated
by wide angle X-ray diffraction (WAXD). Fig. 5 shows the
WAXD patterns of amorphous nylon-6 film, electrospun ny-
lon-6 fibers, NC5 nanocomposite fibers and the O-MMT (Cloi-
site-30B). Amorphous nylon-6 film showed a broad diffraction
peak at 2q¼ 21.3�. WAXD profiles confirmed that electrospun
nylon-6 and NC5 nanocomposite fibrous mats also contained
amorphous nylon-6. The electrospun nylon-6 and NC5 compos-
ite fibers exhibited strong peaks at 2q¼ 8.6� and 17.2�, and two
weak diffraction peaks at 2q¼ 25.8� and 28.5� in addition to the
amorphous peak. Peak at 2q¼ 8.6� is characteristic of the
a phase of nylon-6 crystallite and the one at 17.2� of the g phase
crystallite [5]. A diffraction peak at 2q¼ 28.5�was also reported
for nylon-6 crystallized at 180 �C and nylon-6/montmorillonite
nanocomposite crystallized between 0 �C and 180 �C by Zhao
et al., but no crystal structure and reflection plane have been as-
signed to this peak [33]. The O-MMT showed a diffraction peak
at 4.8� corresponding to a d-spacing of 1.85 nm (inset in Fig. 5),
which was, however, not observed for the electrospun NC5
nanocomposite fibers. The absence of O-MMT peak from the
WAXD patterns of NC5 nanocomposite fibers confirmed that
the O-MMT layers were well exfoliated in the fibers [7].

The degree of crystallinity of the electrospun nylon-6 and
NC5 nanocomposite fibers is summarized in Table 2. The ad-
dition of O-MMT caused an increase in the degree of crystal-
linity for all crystalline phases of nylon-6. The orientation of
O-MMT layers as shown by the TEM images (Fig. 3) may
help to improve the orientation of nylon-6 molecules in the
composite fibers due to the affinity between O-MMT layers
and nylon-6 molecules thus facilitating crystallization. The
O-MMT layers may also serve as a nucleating agent to
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Fig. 5. WAXD patterns of (a) amorphous nylon-6; and fibers electrospun from

(b) nylon-6; (c) 20% NC5 and (d) 15% NC5 nanocomposite solutions. The

inset is the WAXD pattern of O-MMT, Cloisite-30B.
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facilitate the nylon-6 crystallization especially when the
O-MMT layers are well exfoliated [5,6]. Lower concentration
solutions for electrospinning had lower viscosity, higher con-
ductivity and greater solvent content than higher concentration
solutions. These factors combine to increase both the exten-
sional forces acting to draw down the fiber and the length of
time the solvent remained in the fiber, and thus can facilitate
nylon-6 chain mobility. It was not surprising to find that sam-
ples electrospun from 15% NC5 solutions had higher crystal-
linity than samples electrospun from 20% NC5 solutions.

The size of nylon-6 crystals in the electrospun nylon-6 and
NC5 fibers was determined by measuring the full width of the
WAXD peak at half maximum (FWHM) and comparing it
with an Alumina (Al2O3) standard (NIST 1976). The crystal-
lite sizes of a-form nylon-6 crystals determined from the
FWHM of the WAXD peak at 17.6� were 49.7, 58.1 and
57.2 nm for electrospun nylon-6, and NC5 nanocomposite
fibers electrospun from 15% and 20% solutions, respectively
(Table 2). The crystallite sizes were comparable to the fiber
sizes and were almost half of the average diameter of NC5 fi-
bers and nanocomposite fibers electrospun from 15% solution.
Similar observation has been made by Lincoln et al. on the
increased crystallite size of nylon-6 during the isothermal
crystallization with the addition of MMT [5].

The crystallization behavior of electrospun nylon-6 and
NC5 fibers was also investigated using a differential scanning
calorimeter (DSC). DSC heating scans of fibers electrospun
from 20% nylon-6, 15% NC5 and 20% NC5 solutions are
shown in Fig. 6. The electrospun nylon-6 fibers exhibited
a melting point at 223.8 �C due to the melting of a-form of

Table 2

Degree of crystallinity obtained from wide angle X-ray diffraction patterns of

electrospun nylon-6 and NC5 membranes

Sample %a %g %Unknown Total (%) Size of a-form

of nylon-6

crystal (nm)

Nylon-6 6.4 1.2 0.6 8.2 49.7

15% NC5 10.5 1.5 1.0 13.0 58.1

20% NC5 8.8 1.2 0.8 10.8 57.2
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Fig. 6. DSC heating scans of (a) electrospun nylon-6 fibers; and nylon-6/O-

MMT nanocomposite fibers electrospun from (b) 15% and (c) 20% NC5

solutions.
crystal (Fig. 6a). However, the electrospun nanocomposite fi-
bers showed a slightly higher melting temperature around
225.0 �C (Fig. 6b and c). The higher melting point observed
for the electrospun nanocomposite fibers indicated that the
nylon-6 crystals were more perfect in the nanocomposite fibers.
A small endothermic shoulder associated with melting of the g-
form of nylon-6 crystals [34] was observed in all heating scans
at a temperature slightly lower than the main melting point
(Fig. 6). In addition, a high temperature endotherm at about
238 �C resulting from the melting of a more stable crystal phase
was observed only for electrospun NC5 fibers. This melting
transition has also been reported for extruded nylon-6/MMT
nanocomposites [34,35]. This more stable crystal phase con-
sists of g-form of crystals stabilized by the presence of silicate
layers in the melt-extruded nylon-6/MMT composite [34]. The
degree of crystallinity of nylon-6 and NC5 electrospun fibers
measured by DSC was calculated from the ratio of
(DHf�DHc) to the heat of fusion of the purely crystalline
forms of nylon-6 (DHf

0), where DHf and DHc are the heat of fu-
sion and heat of cold crystallization of electrospun fibrous mats,
respectively [36]. Several different DHf

0 values for the perfect
nylon-6 crystal have been reported in the literature, such as
190 J/g [8,37e39], 230 J/g [36], and 240 J/g [6,34]. The DHf

0

value of 240 J/g was used here to calculate the degree of crys-
tallinity of nylon-6. The overall degree of crystallinity of nylon-
6 obtained from DSC measurements was 9.1%, 18.1% and
17.0%, respectively, for the fibers electrospun from nylon-6,
15% NC5 and 20% NC5 solutions. Compared with the values
from WAXD measurement (Table 2), the degree of nylon-6
crystallinity measured by DSC was higher due to the complex-
ity to determine the cold crystallization peak of nylon-6 [36].
WAXD and DSC measurements showed that electrospun
NC5 nanocomposite fibers had a higher degree of crystallinity
than nylon-6 fibers. Nylon-6 crystals were also larger and more
perfect in the NC5 electrospun fibers.

3.4. Mechanical properties

The average tensile modulus, ultimate tensile strength and
ultimate strain derived from the tensile stressestrain curves
for the electrospun mats are summarized in Table 3. When
compared with the electrospun nylon-6 mats, the Young’s mod-
ulus and ultimate strength of the nanocomposite mats electro-
spun from 15% NC5 solution were 70% and 30% larger,
respectively. Although the fibrous mats electrospun from
20% NC5 solution exhibited a 43% increase in the Young’s

Table 3

Tensile properties of electrospun nylon-6 and NC5 nanocomposite fibrous

mats

Sample Young’s modulus

(MPa)

Ultimate strength

(MPa)

Ultimate strain

(%)

Nylon-6 43.8 (3.5)a 6.8 (1.0) 25.7 (3.2)

15% NC5 76.0 (5.9) 8.9 (1.5) 17.6 (3.0)

20% NC5 62.6 (4.0) 5.3 (0.7) 18.5 (3.7)

a The values in the parentheses are the standard deviations of the

measurements.
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modulus, the ultimate tensile strength was lowered by about
20%. The ultimate strain of the NC5 mats electrospun from
15% and 20% NC5 solutions was decreased by about 28% (Ta-
ble 3). These results correlated as expected with fibrous mats
that comprised of more crystalline fibers (15% NC5> 20%
NC5> nylon-6) exhibiting higher Young’s modulus.

In addition to the individual fiber properties, the interaction
between fibers in the fibrous mats contributed to the mechan-
ical properties of the mats. The nanocomposite fibers electro-
spun from 15% NC5 solution exhibited the finest fiber sizes
and many nanofibrils between the primary nanofibers (Figs.
2 and 4) provided more contacts and thus stronger cohesion
among fibers. Therefore, the nanocomposite fibrous mats elec-
trospun from the 15% NC5 solution were much stiffer and
stronger than the electrospun nylon-6 fibrous mats. On the
other hand, the much larger sizes of the fibers electrospun
from the 20% NC5 solution (Fig. 2) resulted in decreased ul-
timate strength compared with the nylon-6 electrospun mats.
Kwon et al. has observed that the electrospun poly(L-lactide-
co-3-caprolactone) (PLCL 50/50) mats composed of smaller
fibers exhibited a higher Young’s modulus due to the higher
fiber packing density [24].

The Young’s moduli of single electrospun nylon-6 and NC5
nanocomposite fibers were also measured and compared using
an AFM. The individual electrospun fibers were suspended
over the trenches on a silicon wafer (Fig. 7) and depressed
at the center position by an AFM probe with a calibrated
spring constant in contact mode. Only the fibers that were
not contacted by others over the trench and not sagging into
the trench, as confirmed by the AFM vision system, were
used for the measurement. The raw AFM force curves were
translated to forceedisplacement curves by converting the
tip deflection to a force using the calibrated cantilever spring
constant and converting the height of the AFM probe to fiber
displacement [40]. A third-order polynomial equation for the
displacement of a suspended elastic string with fix ends was
used to calculate the Young’s modulus (E ) of the fiber. The
lower order terms, which include terms due to initial tension
in the fiber and the restoring force due to bending, were ig-
nored, and the Young’s modulus was extracted from the cubic
term [27,41].

F¼ 8AEðd=LÞ3

trench

fibers

Fig. 7. Diagram of the deposition of three fibers across the trench.
where A is the cross-sectional area of the fiber, d is the fiber dis-
placement, and L is the suspended length of the fiber, which
was calculated from the width of the trench measured by
AFM and the angle of the fiber with respect to the trench walls
was determined using the vision system of the AFM. In order to
calculate the cross-sectional area, the fiber was assumed to have
a circular cross-section and the height of the fiber above the wa-
fer substrate measured by the AFM was used as the diameter.
Since the nanocomposite fibers electrospun from the 20%
NC5 solution mainly showed flat-sheet fiber morphology
(Fig. 2c), only those electrospun from the 15% NC5 solution,
which were confirmed to have a circular cross-section
(Fig. 4), were used to measure the Young’s modulus of single
NC5 nanocomposite fibers. Fig. 8 shows an example of mea-
sured force curves for NC5 fibers, and the fit of the third-order
polynomial model. The Young’s modulus calculated from the
cubic term of this particular force curve was 53 GPa. Several
force curves were generated for each fiber to calculate the
average Young’s modulus. The sources of measurement errors
for the different fibers include variation in fiber cross-sectional
area, inaccuracies in the measured suspended fiber length, and
any difference between the center of the trench and the point of
contact between AFM tip and the fiber [27]. Fig. 9 shows that
the Young’s moduli of the electrospun nylon-6 and NC5 nano-
composite fibers increased with decreasing fiber diameters.
Smaller electrospun nanofibers are known to have fewer struc-
tural imperfections, such as the unavoidable chain ends, and
a higher degree of molecular chain orientation along the fiber
axis due to the higher stress experienced by the smaller fibers
during the electrospinning [11], both of which could result in
higher Young’s modulus of the smaller electrospun fibers [42].

The highest Young’s modulus obtained for the electrospun
nylon-6 single fiber was about 30 GPa (Fig. 9), which was
much larger than the highest value that had been achieved
for conventional nylon-6 fibers, 15 GPa, but still significantly

Fig. 8. Typical forceedisplacement curve for a suspended nylon-6/O-MMT

nanocomposite fiber. The displacement is arbitrarily set to zero at the contact

point. The slight oscillation in the signal is an artifact produced by the AFM

due to the changes in the optical path length traveled by the laser.



6216 L. Li et al. / Polymer 47 (2006) 6208e6217
lower than the Young’s modulus, 174 GPa, measured by X-ray
diffraction from nylon-6 crystals stressed in the chain axis
direction [42] or the calculated theoretical limit of Young’s
modulus along the chain direction for the a-form of nylon-6,
312 GPa [42,43]. Fig. 9 shows that the Young’s moduli of
electrospun NC5 single fibers were improved by about 100%
when compared with electrospun nylon-6 single fibers of sim-
ilar fiber diameters. The increase in the Young’s modulus of
individual fibers was greater than the improvement observed
for the electrospun fibrous mats, 70%.

4. Conclusions

Nylon-6 fibers and NC5 nanocomposite fibers with average
diameters around 100 nm were successfully prepared by elec-
trospinning using 88% aqueous formic acid as the solvent. The
addition of O-MMT layers in the nylon-6 solution increased
the solution viscosity significantly and changed the resulting
fiber morphology and sizes.

TEM images of NC5 nanocomposite fibers and ultra-thin fi-
ber sections and the WAXD results showed that O-MMT layers
were well exfoliated inside the nanocomposite fibers and ori-
ented along the fiber axial direction. The degree of crystallinity
and crystallite size were both increased for the nanocomposite
fibers and more significant for the fibers electrospun from 15%
NC5 solution, which exhibited the finest average fiber size. As
a result, the tensile properties of electrospun NC5 were greatly
improved. The Young’s modulus and ultimate strength of elec-
trospun nanocomposite fibrous mats were improved up to 70%
and 30%, respectively, when compared with nylon-6 electro-
spun mats. However, the ultimate strength of the nanocompo-
site fibrous mats electrospun from 20% NC5 solution was
decreased by about 20% due to their larger fiber sizes. The
Young’s modulus of nylon-6 electrospun single fibers with a
diameter around 80 nm was almost double the highest value
that had been reported for the conventional nylon-6 fibers
and could be improved by about 100% for the electrospun
NC5 nanocomposite single fibers of similar diameters. The
electrospun NC5 nanocomposite fibers have great potential
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Fig. 9. Average Young’s modulus of electrospun nylon-6 and nylon-6/O-MMT

nanocomposite single fibers versus the fiber diameter.
for the applications where both high surface-to-volume ratio
and strong mechanical properties are required such as the
high-performance filters and fiber reinforcement materials.
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