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Abstract

Mechanical deformation processes of electrospun composite fibers based on polycarbonate with multiwalled carbon nanotubes
(MWCNTSs) were investigated by in situ tensile tests under transmission electron microscope (TEM) depending on morphology. Using
chloroform as solvent and optimizing process conditions, uniform nanoporous composite fibers were generated by electrospinning process.
TEM images indicate that the MWCNTSs were embedded in the fibers as individual elements, highly aligned parallel to one another along the
fiber axis, which makes the mechanical load transfer from the polymer matrix to the MWCNT more favorable. Due to the slippage of
individual MWCNTs within the fibers the strain at break of composite fibers is significantly enhanced. In addition, the nanopores on the fiber
surface provide the effective sites for stress concentration for the plastic deformation to form nanonecking of fibers under tensile load.
Combination of these unique features makes the electrospun composite fibers extremely strong and tough. The results from present work may
provide a feasible consideration of such electrospun composite fibers for use as the reinforcing elements in a polymer based composite of a

new kind.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Since their discovery by Iijima in 1991 [1], due to their
small diameter, low density, high aspect ratio, mechanical
strength and flexibility [2—4], the carbon nanotubes (CNTs)
have gained considerable attention for use as the reinforcing
elements in polymer based composite of a new kind. Due to
their enormous high surface-to-volume ratio, CNTs offer
chemically facile sites that can be functionalized with
additives thereby resulting in a strong interfacial bond with
the matrix. Furthermore, the very high aspect ratio of
nanotubes implies that large interfacial area is available for
stress transfer, much more favorable than in conventional
fiber composites [5]. As a consequence, CNTs effectively
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provide for stress transfer sites under external mechanical
loading at relative low contents [6,7]. Beside them, due to
their novel electronic properties, CNT-polymer composites
are also promising for functional applications in displays,
conductive polymers [6,8], electromagnetic interference
shielding [9,10], and optoelectronic devices [11].

For rational design of new composites it should be
guaranteed at least two essential structural requirements;
uniform dispersion of nanofillers to avoid localization of
stress concentration and good interfacial bonding between
them and polymer matrix to achieve effective load transfer
across the filler—matrix interface [12—14]. Unfortunately, it
has been extensively reported that nanofillers often are
dispersed in the polymer matrix in form of agglomerate.
This kind of agglomerates reduces significantly their ability
to bond with matrix due to less contact area and decreases
their effective aspect ratio of the reinforcement. Although
CNTs hold great promise as possible reinforcing elements
for producing composite materials of a new kind, there are
still remained great challenges to this end. In order to
overcome this general tendency we have attempted to apply
the electrospinning (ES) technique [15-20]. The aim of this
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work is to structurally characterize the composite nanofibers
with directly embedded CNTs, with respect to the
orientation and uniform dispersion of CNTs within the
electrospun fibers. At the end, surface morphology of
electrospun composite fibers and their deformation mech-
anisms will be reported.

2. Experimental

The nanocomposite (NC) of polycarbonate (PC) with
4 wt% multiwalled carbon nanotubes (MWCNTSs) was
prepared by dilution of a masterbatch of 15 wt% MWCNT
in PC (Hyperion Catalysis International Inc., Cambridge,
MA, USA) [21]. The MWCNTs are vapor grown and
typically consist of 8—15 graphitic layers wrapped around a
hollow 5 nm core. They are produced as agglomerates and
exist as curved intertwined entanglements. Typical diam-
eters range from 10 to 15 nm, while lengths are between 1
and 10 pm. The density is approximately 1.75 g/lem®; a
surface area of 250 m%g was determined by the BET
method [22]. To achieve the solution for electrospinning,
NC was dissolved in chloroform to make 4 wt% NC
solution. The solution was vigorously stirred for at least 24 h
at room temperature and sonicated for 30 min to ensure
homogeneous solution. ES was carried out under ambient
temperature in a vertical spinning configuration using a
I mm inner diameter flat-end needle with a 5 cm working
distance. The applied voltages were in the range from 3 to
20 kV, driven by a high voltage power supply (Kniirr-
Heizinger PNC, Germany). Morphological studies of
polymer composite fibers were conducted by a TEM
(JEOL 200CX) and a field emission gun-environmental
scanning electron microscopy (FEG-ESEM, Philips ESEM
XL 30 FEG). To study mechanical deformation processes,
single electrospun fibers were in situ deformed in TEM by
electron beam induced thermal stresses [5].

3. Results and discussion

Recently, the ES technique has attracted more and more
attention in materials science community, because polymer
fibers from the solution (or melt) prepared thereby can be
achieved in the nanometer range straightforwardly and even
more inexpensively. The basic mechanism involves apply-
ing a high electrostatic field between the capillary and
collector. When the electrostatic force overcomes the
surface tension of pendent drop at the capillary tip, a fine
jet is ejected. As the solvent evaporated during flight of the
jet, fibers are deposited on the collector in form of
nonwoven fabric. Up to now it has been well established
that through appropriate selection of solvent for a polymer
to be electrospun as well as proper processing parameters
different types and surface morphologies of the electrospun
fibers can be obtained [23-25].

Fig. 1 shows the overview of electrospun composite
fibers. As the use of solvent as chloroform with the
combination of optimal process conditions in this work,
the fibers are relatively uniform and exhibit little formation
of beads, which are most commonly occurred in electro-
spinning processes (Fig. 1(a)). They are circular shape with
submicron sized diameters (about 350 nm in average) and
exhibit well developed nanoporous morphology on the fiber
surface (Figs. 1(b), 2(a) and 3). The elliptical shaped pores
with the long axis being oriented along the fiber axis are in
the order of 100 nm in width and 250 nm in length, which is
believed to be caused by the uniaxial extension of the jet
under electric field. Formation of nanopores on the fiber
surface can be explained with a rapid phase separation
during electrospinning process. Over a certain value of
applied voltage, the electrostatic force overcomes the
surface tension of pendent drop at the capillary tip, and
then the fine charged jet is ejected. Rapid evaporation of
solvent as the jet is being ejected from the capillary
immediately gives rise to the lowering of temperature on the
ejected jet (such as a quenching effect in conventional
spinning processes). Thereby, the fluid jet becomes
thermodynamically unstable and phase separation takes
place via spinodal decomposition, which yields polymer-
rich and solvent-rich phases. The concentrated polymer-rich
phase solidifies quickly after phase separation and builds up
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Fig. 1. (a) Overview of electrospun composite fibers, and (b) close-up
micrograph of single fiber taken from FEG-ESEM.
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Fig. 2. TEM micrograph of nanoporous structure on the surface of electrospun composite fiber; (a) highly aligned MWCNTs within a fiber by 5 cm working

distance at 8 kV, and (b) an extremely curved thin composite fiber.

I

Fig. 3. In situ deformation process of single electrospun composite fiber
under uniaxial tensile load in TEM; (a) an undeformed state, (b) a deformed
state below a certain critical strain, (c) a state over a certain critical strain,
where the necking initiates, and (d) close-up micrograph from circled area
in (c).

the matrix, whereas the solvent-rich phases form the pores
[19,26-28]. Through such nanopores on the electrospun
nanofibers the specific surface area will be additionally
increased in a large extent. These may give more feasible
sites to anchor the polymer matrix chains, if used as
reinforcing elements in composites, as well as to provide the
ability to reversibly absorb and desorb guest molecules or
nanoparticles for use specific purposes, such as drug
delivery, sensors, filtration, etc.

The close inspection on electrospun composite fibers
with TEM (Fig. 2) indicates that the MWCNTs are
embedded in the nanofibers without any sign of agglomer-
ates. Most MWCNTs are uniaxially well aligned along the
fiber axis. Such alignment is obviously associated with the
extreme high longitudinal strain rate of jet during
electrospinning process, which may cause disentanglement
or pulling out of curved nanotubes under high shear force. It
is interesting to note that while the nanopores in a great
extent are formed on the relative thick fibers (Fig. 2(a)), this
tendency is considerably suppressed by reducing the fiber
diameter, because there is insufficient ample room and/or
time for phase separation to occur. As a consequence, the
nanopores are rarely recognized in such very thin composite
fibers as shown in Fig. 2(b). Polymer material in such thin
fibers cannot entirely encapsulate the inherently curved
MWCNTs. Therefore, the strongly curved MWCNTSs are
still not fully stretched by electrospinning process, which is
apparently reflected on the significant curvature of
electrospun composite fibers (Fig. 2(b)). This is well
consistent with the fact that MWCNTs are not always in
straight form, in most cases they are entangled and twisted
with some curviness [29].

To study the deformation mechanism of single electro-
spun fibers, we have performed in situ tensile experiments
on single electrospun composite fibers by electron beam
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induced thermal stress under TEM. The mechanism of
tensile strain can be understood as follows. The bombard-
ment of electron beam onto the fibers leads to the local
thermal extension, which in turn initiates a small amount of
tensile deformation within the fibers. This is similar to that
in instrumented mechanical testing. Furthermore, the strain
rate can be roughly controlled by the varying the electron
beam flux onto the fibers [5,30-32]. Fig. 3 shows the
sequence of deformation process of an electrospun
composite fiber under tensile loading in TEM.

Once the tensile stress is generated by thermally induced
electron beam, the fiber is stretched parallel to the fiber axis,
which is connected with simultaneous stretching of
nanopores. As the strain increases, the fiber elongates and
the diameter of fiber reduces gradually (Fig. 3(b)). With
further increase of strain the necking apparently takes place
on the uniaxially stretched fiber (Fig. 3(c)). In-depth
investigation on the necking area shows that the nanoneck-
ing obviously occurs at the end of a MWNT embedded into
fiber (Fig. 3(d)).

Fig. 4 shows the stress concentration upon nanopores on
the fiber surface. According to fracture mechanics, the
nanopores effectively sever the sites for stress concentration
under external load. When the uniaxial tensile stress (o,) is
applied to a nanoporous fiber, here we assume that the pores
have a hemispherical shape, the maximum stress concen-
tration is at the equator region of a pore, perpendicular to the
applied stress. Due to the number of pores on the surface of
a fiber, the stress fields will intensively overlapped inside
fiber (dark area inside fibers in Fig. 4). This indicates that a
high uniaxial stress state will be built up inside fiber in
between ligaments of matrix material between the pores
[33].

Fig. 5 shows the schematic deformation processes of a
single composite fiber under uniaxial tensile load. Stress
will be highly concentrated at the tip of pores inside fiber,

Strong stress
overlapping zone

Fig. 4. Schematic illustration of stress concentration upon nanopores inside
a composite fiber (cross-sectional view perpendicular to the fiber axis);
white circle indicates the maximum stress concentration and the dark area
within the fiber shows the strong stress overlapping zone, where the load
direction is parallel to the fiber axis.

which leads to plastic deformation of composite fiber
(Fig. 5(a)). At certain critical stress the MWCNTSs begin to
slip in tensile direction (Fig. 5(b)). At a large extent of strain
the necking apparently forms at the ends of MWCNTs on
the uniaxially stretched composite fiber (Fig. 5(c)) [28].

It is emphasized here that any sign of pull out of
embedded nanotubes from the fiber matrix is not observed.
This may be attributed to the fact that the individual
MWCNTs aligned within the fibers possess some amount of
absorbed layer of PC around them, indicating enhanced
polymer connectivity at the nanotube surface. Through
rapid evaporation of solvent during flight of the emitted jet
from capillary to the collector, the MWCNTs will be highly
aligned parallel to one another in the fiber direction and
packed more densely due to the dimensional confinement of
electrospun fibers. These compact aligned MWCNTs with
strongly phase adhered interfacial layers to the polymer
matrix will be significantly reinforced the composite fibers,
which provides effective stress transfer mechanism [14]. So
far, due to the close placing of MWCNTS in vicinity of
nanopores and their high aspect ratio the aligned MWCNTs
readily compensate the stress concentration upon nanpores
under tensile load. As a consequence, in connection of the
slippage of individual MWCNTs with their ability to damp
local stress concentration the plastic deformation can be
extensively activated in form of matrix shear flow to build
up the formation fiber necking in ligament between the
MWCNTs as well as the nanopores. This behavior might be
of importance for contribution to the improvement of
toughness of a composite. Slippage of individual MWCNTs
embedded inside electrospun composite fibers significantly
contribute to the elongation required for toughness even
with enhanced strength of fibers.

4. Conclusions

We have successfully adapted the electrospinning
technique to produce submicron size composite fibers
based on PC/MWCNT nanocomposites. Two important
structural characteristics have to be pointed out in our
present work. At first, MWCNTs are uniformly embedded
into fibers, highly aligned parallel to one another in the
direction of fiber axis. In second, the electrospun composite
fibers show an ultra-high nanoporous morphology on their
surfaces. Both these features contributed to the mechanical
deformation process of the single composite fibers. Under
uniaxial tensile stress the nanopores effectively act as stress
concentrators to build up uniaxial stress state within the
fibers rather than hydrostatic state and the embedded
MWCNTs slip in tensile direction. Coupling stress
concentration upon nanopores with slippage of the
individual MWCNTs within the electrospun fibers the strain
at break responsible for toughness is significantly enhanced
with simultaneous improvement of modulus of them. These
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b)

c)

Fig. 5. Schematic illustration of mechanical deformation processes under tensile load; (a) stress concentration at the tips of nanopores, (b) the embedded
MWCNTs begin to slip parallel to tensile direction at a certain critical stress, and (c) formation of nanonecking at the ends of MWCNTs followed by progress

of slippage of them.

unique features provide a great potential for reinforcing
elements to produce a new kind of composite.
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