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ABSTRACT: The development of flexible and compliant
conductive polymer composites with textile-like character-
istics remains an important endeavor in light of the recent
activity in polymer/textile-based electronics and the need
for compliant electrodes for electroactive polymer actua-
tors. In this work, carbon black (CB) was dispersed in a
polymer solution to form electrospun fiber webs consisting
mainly of nanofibers. The effect of the filler content on the
fiber-web morphology, mechanical behavior, electrical con-
ductivity, and thermal resistance was examined. The elec-

trical conductivity percolation threshold of the fiber-web
structure was found to be around 4.6 vol %. Scanning elec-
tron micrographs of the fiber webs revealed a significant
influence of the CB content on the fiber formation as well
as the bond structure of the fiber web, which influenced
the mechanical properties of the web. � 2007 Wiley Periodi-
cals, Inc. J Appl Polym Sci 104: 2410–2417, 2007
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INTRODUCTION

In comparison with single-phase materials, the use of
composite materials allows additional degrees of
design freedom with which the physical properties of
composites can be tailored for specific applications.
Electrically conductive polymer matrix composites
have attracted a great deal of interest because of their
unique multifunctional properties, such as the ability
to combine flexibility with conductivity. Compared
with metals, they also are lighter in weight and can
potentially be easier to process. Specifically, normally
insulating polymers with good mechanical proper-
ties, such as polyurethane (PU) and polyethylene,
can be made conductive by the addition of nano-
sized-to-microsized conductive fillers such as gra-
phitic particles, carbon black (CB), carbon nanotubes
(CNTs), or metallic particles such as colloidal silver
or gold. Carbonaceous fillers have been routinely
added to many polymers for various physical prop-
erty enhancements, including improvements to the
electrical conductivity for electrostatic discharge pro-
tection and electromagnetic interference shielding
and improvements to the thermal resistance or me-
chanical properties such as the yield strength.1–4

Conductive polymer composites are typically
investigated in film form to elucidate their bulk
behavior. However, polymers in thin-film form can
have limited flexibility or can be fragile mechanically.
To improve the mechanical characteristics while
maintaining desired electrical conductivity, the use of
fiber webs can be desirable because the fiber structure
can provide flexibility to otherwise stiff materials,
and the fiber network can provide structural strength.

Conductive fibers can be produced with a number
of techniques. These include the spinning of intrinsi-
cally conductive polymers5 and incorporating con-
ducting fillers into an insulating polymer matrix to
form fibers.6,7 The spinning of intrinsically conduct-
ing polymers, however, presents many problems,
including the low solubility of the polymer. The rela-
tively low conductivity of conductive polymers can
also be limiting. On the other hand, a significant
increase in the fiber conductivity can be achieved by
the incorporation of conductive particles into the
fiber-forming polymer while suitable properties are
maintained for spinning. Among the available fillers,
CB and CNTs have been used extensively because of
their ability to impart high electrical conductivity to
a polymer matrix at a relatively low filler con-
tent.1,2,6,7 CB has been used widely in conventional
polymer composites because of the relative advan-
tages of low cost, small particle size (high surface
area), and aggregation behavior. CB-filled polymer
composites in film form have been investigated for
various applications, including sensors,8 electrodes,9
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and electromagnetic interference shielding.10 How-
ever, the investigation of CB/polymer composite
behavior in fiber-web form has been very limited.
CB-filled electrospun fiber webs of various polymers
have been investigated to thermally induce color
changes in electrospun webs.11 The fiber morphology
(e.g., fineness and length) and fiber-web structural
features such as the bond density, as well as other
fiber characteristics determined by interactions
between the polymer matrix and CB particles, have
also been found to influence the mechanical proper-
ties of nanocomposite fiber webs.12–14

Electrospinning provides a convenient route to
fabricate fiber webs of nanofibers. It is a simple pro-
cess for forming nanoscale-to-microscale fibers with
diameters ranging from tens of nanometers to
micrometers. Numerous experimental and theoreti-
cal studies have been published to elucidate factors,
such as the solution viscosity, solution conductivity,
surface tension, and electric field intensity, that
markedly influence the morphology of the resulting
(nano)fibers and the process itself.15,16 Because of
the outstanding advantages of nanoscale fibers and
relative ease of spinning a variety of polymers,
electrospun fiber webs have been evaluated for
many applications, including tissue engineering,17

filtration,18 sensors,19 superhydrophobic surfaces,20

electrodes in supercapacitors,21 and composite
fibers.6,7,22

PU has been electrospun by many, primarily to
combine its intrinsic properties, such as high elastic-
ity and flexibility, with the advantages of nanofib-
ers.13,15,23–25 The morphology and mechanical behav-
ior of electrospun PU fiber webs have been investi-
gated in terms of the fiber-bonding structure23,24 and
strain-induced molecular orientation.25 PU has also
been electrospun with various fillers to prepare
nanocomposite fiber webs with enhanced mechanical
properties.13,26 Although we have focused exclu-
sively on PU–CB composites, the electrical and other
properties of other polymer systems have also been
improved by the addition of CB.1,2

Percolation theory has been used extensively to
investigate composites formed from conducting par-
ticles dispersed in an insulating host medium. As
the amount of the conducting filler material in-
creases, the composite undergoes an insulator-to-
conductor transition when a conducting path is
established between two boundaries.1,2 A crucial as-
pect of the fabrication of conductive polymer compo-
sites is to understand the minimum amount of the
conductive filler material for which this conduction
occurs, which is called the percolation threshold. In
general, the percolation threshold should be as low
as possible and still allow the composite to fulfill its
electrical requirements. In the literature, several pro-
cessing techniques have been introduced to lower

the three-dimensional percolation threshold. These
include multiple percolation (especially double per-
colation), accumulation of a conductive filler at the
continuous interfaces of multicomponent blends, and
in situ polymerization of the polymer matrix in the
presence of conductive fillers.27,28 However, the per-
colation behavior of a deformable fibrous network
has not been examined.

This work was motivated by the lack of reported
studies of polymer composites in fiber-web form.
Fiber-based composites of PU, which can potentially
be used as compliant electrodes or sensors, were
prepared with electrospinning. Their mechanical pro-
perties, morphological features, and electrical pro-
perties were investigated as functions of the filler
concentration.

EXPERIMENTAL

Materials

The thermoplastic PU elastomer (Pellethane 2103-70A)
used in this study is a commercially available polymer
manufactured by Dow Chemical Co. (Midland, MI).
The conductive filler CB (Ketjenblack EC-300 J) is man-
ufactured by Akzo Nobel (Chicago, IL). CBs are char-
acterized by their structure: a high-structure CB con-
sists of many primary nanoparticles fused together in a
grapelike aggregate. Ketjenblack EC is a high-structure
CB composed of prime particles fused into primary
aggregates. The diameter of the primary carbon par-
ticles used in this research was about 30 nm.29

Specimen preparation: Compounding
and electrospinning

The composite fiber web studied in this research
was produced by electrospinning.15,16 In the electro-
spinning process, an electric field is used to draw a
charged polymer solution or melt from an orifice
(usually a syringe tip) to a collector, often a metal
plate or screen. As the electric filed is increased, the
hemispherical form of the solution or melt droplet
held at the end of the orifice is elongated to form a
conical shape, which is called a Taylor cone. The
electric field is increased until it exceeds the surface
tension of the first solution drop, exiting the orifice
of the spinneret. The electrostatic forces transform
the Taylor cone into a continuous jet of polymer
from the orifice to the grounded collection surface.
The discharged polymer jet undergoes a whipping
process as the solvent evaporates, forming solid
fibers. The fibers are collected on the grounded col-
lection surface in the form of a fiber web.

The dispersion of CB and the dissolution of the
PU–CB composite system for electrospinning were
performed in a mixture of N,N-dimethylformamide

ELECTROSPUN NANOCOMPOSITE FIBER WEBS 2411

Journal of Applied Polymer Science DOI 10.1002/app



(DMF) and chloroform (50/50 v/v) at room tempera-
ture. First, a stable CB suspension was obtained by
a CB/DMF/chloroform suspension being held for
1.5 h in an ultrasonic bath (1510-MTH, Bransonic,
Bronson Ultrasound Corp., Danbury, CT). Then, PU
was dissolved in a stable suspension of CB in DMF/
chloroform (50/50 v/v) at room temperature. The
PU–CB overall weight concentration was fixed
around 12.25 wt % to ensure steady electrospinning
conditions. The concentration of CB was varied
between 0 and 9.46 vol % (nominal) to obtain vari-
ous CB volume concentrations in the composite fiber
webs, whereas the PU concentrations was altered to
keep the overall concentration fixed. Solutions con-
taining higher levels of CB were impossible to spin
because of the high viscosity and discontinuity in
the flow.

In the electrospinning process, the polymer solu-
tion was placed in a syringe with a needle with an
inner diameter of 0.21 mm. Randomly oriented
nanofibers were electrospun by the application of a
voltage of � 25 kV to the needle with a high volt-
age supplier (ES30N, Gamma, Gamma High Volt-
age Research, Ormond Beach, FL). The grounded
drum collector was located at a distance of 20 cm,
and the polymer solution was fed at a rate of 80
mL/min by a syringe pump (Genie, Kent Scientific
Corp., Torrington, CT). All electrospun composite
fiber webs produced were dried in vacuo for 1
week to ensure the complete evaporation of the
solvents.

Solution topography

The critical properties of particle-filled polymer com-
posites are influenced by three primary characteris-
tics of the filler: the particle size, polymer-to-filler
interaction, and uniformity of the particle disper-
sion.1 The optimal dispersion is achieved when the
CB particles are separated into discrete primary
aggregates. During the dispersion–fabrication step,
the breakdown of aggregates and agglomeration–
deagglomeration processes occur, affecting the per-
formance and reproducibility of the composite. High-
structure blacks are especially prone to breakdown.
To assess the level of dispersion, the solutions pre-
pared for electrospinning were evaluated in terms of
the dispersed particle size with an Olympus BX 60
optical microscope (Olympus America, Center Valley,
PA) with PAX-it-M1243 Modulator 20X software. Fig-
ure 1 shows the topography of a CB-filled [7.47 vol %
(nominal)] solution before electrospinning. It shows
that the CB particles were well dispersed in the solu-
tion. Limited analysis of the optical images showed
an aggregate size in the range of 400–1700 nm, indi-
cating the efficacy of ultrasonication as a means of
dispersing CB particles.

Characterization

The electrical conductivity of the fiber webs was
measured at the ambient temperature with the
standard four-point probe technique. A Keithley 220
current source and a Keithley 6517A electrometer
were used to measure the current–voltage character-
istics of the samples. In four-point probe measure-
ments, if the sample thickness (t) is less than the
probe spacing, the resistivity (r) can be calculated
with the following relationship:30

r ¼ 4:532t
V

I
(1)

where V is the potential across the voltage probes
and I is the current. The average r value of each
specimen was obtained from 30 repeated measure-
ments at various positions of the sample. The fiber-
web conductivity (s), presented later, was simply
the reciprocal of r: s ¼ 1/r.

The morphology of the composite fiber webs was
examined with a Hitachi S-3200 (Hitachi Hi-Tech Sci-
ence Systems Corp., Ibarki, Japan) high-resolution
scanning electron microscope. The fiber mean diame-
ter was measured from these images with image
analysis software (Image J, version 1.34 s). The mea-
surement of the mean diameter was based on the
diameters of fibers from 100 different random loca-
tions. The thermal stability of the nanofiber webs
was studied by thermogravimetric analysis (TGA)
with a TA Instruments (New Castle, DE) 1000 series
thermal analysis system. All samples were heated
from room temperature to 9008C at a scanning rate
of 108C/min in a nitrogen atmosphere. The quasi-
static tensile behavior of the fiber webs was deter-
mined with an MTS (MTS System Corp., Eden
Prairie, MN) 30G standard tensile load frame. To

Figure 1 Optical micrograph of a CB-filled [7.47 vol %
(nominal)] PU solution in DMF and chloroform.
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normalize the load data, the sample thicknesses
were measured with a L&W model 51 micrometer
(Lorentgen & Wettre, Sweden) at a normal pressure

of 7.3 6 0.3 psi. The reported values for the tensile
modulus, strength, and elongation at break were
obtained from the results of five tests.

Figure 2 (a–d) Surface-scan and (e–h) cryofractured-surface scanning electron micrographs of CB–PU composite electro-
spun fiber webs at various CB concentrations: (a,e) 0, (b,f) 5.54, (c,g) 7.47, and (d,h) 9.46 vol %.
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RESULTS AND DISCUSSION

Morphological characteristics and fiber diameters

A series of scanning electron micrographs of nano-
composite fiber webs with various levels of CB are
presented in Figure 2. At higher levels of CB, the fiber
surfaces are increasingly irregular, and the agglom-
eration of CB particles is apparent on the fiber sur-
faces, particularly near and beyond the threshold
concentrations [Fig. 2(b)]. The influence of the CB
content on the fiber dimensions and uniformity may
not be obvious from the images in Figure 2. How-
ever, the measured values of the fiber diameter and
its distribution presented as a function of the filler
concentration in Figure 3 show increasing fiber di-
ameter and greater variability in the fiber size distri-
bution for higher CB contents. In addition, the
images [Fig. 2(a–h)] also show higher fiber-to-fiber
bond density for increased CB content. The differ-
ence is most likely due to the slow rate of solvent
evaporation during the fiber formation between the
spinneret and the collection surface due to the pres-
ence of more CB particles at the higher volume
concentrations and their tendency to absorb31 and
thereby slow down the evaporation of solvents. The
Ketjenblack used in this study is composed of very
porous carbon particles with a dibutylphtolate (DBP)
value (i.e., the volume ratio of DBP to oil that can be
absorbed by 100 g of CB particles) of about 350 cm3/
100 g.29 This CB structure is more likely to absorb
and slow down the evaporation of solvents. For the
same reason, higher resolution images of the frac-
tured nanocomposite fiber webs show evidence of

irregular and sometimes indistinct fiber formation in
the fiber web [see Fig. 2(g,h)]. These observations are
of interest because a higher bond density is likely to
improve electron transport through the fiber web.

Mechanical properties of the composite fiber webs

The close observation of typical stress–strain curves
of various PU–CB nanocomposite fiber webs pre-
sented in Figure 4 reveals some interesting features.
The initial modulus of the composite fiber web
increases gradually with an increase in the CB con-
tent, increasing from 0.74 MPa for 0% CB to 1.1 MPa
for 7.47% CB. Subsequently, the initial modulus
increases about fivefold to 3.75 MPa with 9.46 vol %
(nominal) filler. In the case of the tensile strength, the
data presented in Table I suggests a significant
improvement at low loadings of up to 3.65% CB;
however, at higher concentrations, the strength drops
below that of the pristine polymer. The extension at
failure was found to be highly sensitive to the addi-
tion of fillers and drops significantly with 1.80% CB.
At higher levels of CB, the values seem to be fluctuat-
ing but staying at a low level compared with the elon-
gation at break of fiber webs with no filler. The over-
all stress–strain behavior of fiber-web structures in
this study is largely consistent with what has been
reported for thermally point-bonded nonwovens.32,33

The increases in the bond density and the overall
area of the bonds for higher CB contents as well as
the reinforcement effect of high-modulus CB particles
are likely to improve the modulus of the fiber web.
On the other hand, the diminishing strain at failure is
most likely caused by the reduced degrees of freedom

Figure 3 Variation of the mean diameter of the electro-
spun fibers as a function of the nominal CB content (vol %).
The error bars correspond to 95% confidence intervals.

Figure 4 Typical stress–strain curves of the CB–PU elec-
trospun fiber webs with various filler contents (all CB con-
tents are nominal volume percentages).
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of the fibers due to higher bonding as well as the stiff-
ening of the fibers due to reinforcement. In other
studies of electrospun webs, Benli et al.34 reported a
twofold increase in the initial modulus with 12 wt %
CB in composite films of PU. The addition of CB to
various other polymers also generally increased the
modulus of the composites.34,35 The tensile strength
and initial modulus values obtained in this study
compare very well with the data reported by Lee
et al.23 for electrospun Pellethane 2363-80AE, which is
similar in its chemical structure to the Pellethane
2103-70A used in this research.

Thermal analysis

To ascertain the CB content and investigate the effects
of CB on the thermal stability of the composite fiber
web, TGA was performed on all composite samples.
The changes in the weights of various CB/PU fiber
webs as a function of temperature are plotted in Fig-
ure 5. A close examination of the TGA data presented

in Figure 5 and Table II shows improved thermal sta-
bility of the composite fiber web with relatively low
CB contents up to 5.54 vol % (nominal). The decom-
position temperature is noted at 2848C with 5.54 vol
% (nominal) CB versus 2768C for the pristine polymer
fiber web. However, with a subsequent increase in
the CB content to 7.47 vol % (nominal) and higher,
the decomposition temperature is reduced to 2768C
and lower. The thermal stability is generally expected
to improve with the incorporation of more thermally
stable fillers such as CNT and CF into fibers;36,37

additionally, as argued by Shaffer and Windle38 for
CNT composites, the adsorption of free radicals by
the CNT surface helps to improve it. This could pos-
sibly be due to the agglomeration of CB at higher
loadings. Similar results have been reported in the lit-
erature for CNT–polymer composites38,39 and organo-
clay–polymer composites.40

The mass loss due to CB oxidation was mini-
mized by the nitrogen environment in which the
TGA was carried out, whereas the PU matrix ther-
mally decomposed almost completely after being
heated to 9008C. The mass remaining was almost
entirely due to the CB, and the actual CB content of
various fiber webs was computed from the residues.
The results are also summarized in Table II. Actual

TABLE I
Tensile Behavior of CB–PU Composite Electrospun Fiber Webs

Nominal CB content
(vol %)

Initial modulus
(MPa)

Tensile strength
(MPa)

Elongation at break
(%)

0.00 0.74 6 0.16 6.06 6 1.26 613.51 6 32.06
1.80 1.03 6 0.06 6.2 6 0.96 332.92 6 35.51
3.65 1.05 6 0.27 7.48 6 1.02 322.22 6 14.51
5.54 1.08 6 0.10 3.32 6 0.44 349.51 6 38.60
7.47 1.10 6 0.04 3.06 6 0.24 400.63 6 15.19
8.46 2.04 6 0.27 3.82 6 0.41 350.82 6 26.45
9.46 3.75 6 0.86 4.74 6 0.87 473.51 6 34.15

The 95% confidence intervals are shown with the data.

Figure 5 TGA of CB–PU electrospun fiber webs in a
nitrogen atmosphere. The inset shows the onset of decom-
position in detail (all CB contents are nominal volume per-
centages).

TABLE II
Decomposition Temperatures of Various CB–PU
Composite Electrospun Fiber Webs and Actual CB

Contents Determined from TGA

CB content

Decomposition
temperature (8C)a

Nominal Measured

wt % vol % wt % vol %

0.00 0.00 0.00 0.00 276.40
5.88 3.65 4.66 2.87 283.18
8.82 5.54 7.35 4.58 284.35
9.56 6.02 7.87 4.92 277.90
11.76 7.47 8.90 5.58 276.60
13.23 8.46 11.02 6.98 270.50
14.71 9.46 12.60 8.03 269.70

a Temperature at a 3 wt % loss.
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weight fractions of CB in the fiber webs were found
to be significantly lower than their nominal values.
The most likely reason is the loss of CB particles
during the preparation of the CB suspension and
subsequent mixing with the polymers followed by
electrospinning from a syringe. Even with continu-
ous agitation during the processing, a small amount
of CB precipitated, causing a lower actual CB con-
tent in the fiber web.

Electrical conductivity and percolation behavior

The variation in the direct-current conductivity of
the nanocomposite fiber webs with respect to the fil-
ler concentration is shown in Figure 6. The conduc-
tivity of the pure PU fiber web was measured at
about 1.14 � 10�7 S/cm. A sharp increase in the con-
ductivity of approximately 3 orders of magnitude
was recorded between filler contents of 5.54 and 6.02
vol % (nominal). As the filler concentration increased
from 5.54 to 6.02 vol % (nominal), the conductivity
increased from about 1.88 � 10�7 to about 6.80
� 10�5 S/cm. After that, the conductivity changed
only moderately, increasing to about 1.07 � 10�2 S/
cm for 9.46 vol % (nominal) filler. This behavior is
indicative of a percolation transition. As shown in
Figure 6, the percolation threshold of the PU–CB
nanocomposite fiber web lies between 5.54 and 6.02
vol % (nominal) CB. In light of the TGA data pre-
sented earlier, this represents an actual CB content
between 4.58 and 4.92 vol %. Percolation thresholds
for various CB composites, including PU–CB compo-
sites, have been reported to be in the range of 2–12
vol %.41–43

The electrical conductivity of a composite (sc)
above the percolation threshold can be expressed as
follows:44

sc ¼ s0ðf � fcÞt for f > fc (2)

where s0 is the constant of proportionality, f is the vol-
ume fraction of the conducting filler in the composite,
fc is the critical volume fraction (volume fraction at per-
colation), and t is a critical exponent. The value of t is
expected to be material-independent45 and is consid-
ered indicative of the strength of the percolation transi-
tion. For any three-dimensional system, t yields a value
of about 2.0.46 An analysis of our data presented in the
inset of Figure 6 resulted in a value for t of 2.165 when
the percolation threshold was assumed to be 4.6 vol %
(actual). The inset of Figure 6 shows a plot of our data
in the form of the power-law relation of eq. (1). The
value of t is in line with what has been reported in the
literature for CB-filled polymer composites and in par-
ticular for high-structure CB-filled composites.47 The
apparent tunneling–percolation behavior of the CB–
PU composite in the fiber-web form remains a subject
of investigation.

CONCLUSIONS

This report describes a successful and unique route for
fabricating porous conducting composite fiber webs
containing CBs. The results clearly demonstrate the ef-
ficacy of incorporating CB into the PUmatrix with elec-
trospinning. The influence of higher CB contents on
the electrospun fibers manifested in larger fibers as
well as higher bond densities. The initial modulus of
the fiber web increased substantially with increasing
CB content. The presence of CB increased the fiber web
strength marginally up to 3.65 vol % (nominal) CB and
fell significantly beyond that. The electrical conductiv-
ity, as well as thermal stability, increased significantly
up to about 5.54 vol % (nominal) CB. The electrical con-
ductivity of the composite fiber web increased about 3
orders of magnitude when the filler content increased
from 5.54 to 6.02 vol % (nominal). The percolation
threshold of conductivity was determined to be
between 4.58 and 4.92 vol % (actual) CB. The critical
exponent of percolation (t) was calculated to be 2.165
when the percolation threshold was assumed to be
around 4.6 vol % (actual). The results seem to confirm
the tunneling–percolation behavior of the CB–PU com-
posite fiber web investigated in this research.
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