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Abstract

The mechanical and structural properties of individual electrospun PAN-derived carbon nanofibers are presented. EELS spectra

of the carbonized nanofibers shows the C atoms to be partitioned into �80% sp2 bonds and �20% sp3 bonds which agrees with the

observed structural disorder in the fibers. TEM images show a skin-core structure for the fiber cross-section. The skin region con-

tains layered planes oriented predominantly parallel to the surface, but there are some crystallites in the skin region misoriented with

respect to the fiber long axis. Microcombustion analysis showed 89.5% carbon, 3.9% nitrogen, 3.08% oxygen and 0.33% hydrogen.

Mechanical testing was performed on individual carbonized nanofibers a few microns in length and hundreds of nanometers in

diameter. The bending modulus was measured by a mechanical resonance method and the average modulus was 63 GPa. The mea-

sured fracture strengths were analyzed using a Weibull statistical distribution. The Weibull fracture stress fit to this statistical dis-

tribution was 0.64 GPa with a failure probability of 63%.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbon nanofibers, like other quasi-one-dimensional

nanostructures such as nanowires and nanotubes, have

recently been receiving increased attention. This is due

to their potential application as heat-management mate-

rials, for composite reinforcement, high-temperature

catalysis, membrane-based separation, and as compo-

nents for nanoelectronics and photonics [1–3].
Carbon fibers are typically produced either by pyro-

lyzing fibers spun from an organic precursor (e.g., poly-

acrylonitrile (PAN), or alternatively pitch), or by

chemical vapor deposition (CVD) [4]. The spinning
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method can only produce microscale carbon fibers
(diameter >5 lm). CVD can synthesize carbon fibers

with diameters ranging from several microns down to

10 nm [5,6].

Recently, carbon fibers were produced by pyrolyzing

electrospun nanofibers from PAN [7–9] and from pitch

[10] with typical diameters of few hundreds of nanometer

and several microns, respectively. However, the structure

and the mechanical properties of carbon nanofibers pro-
duced from an electropsun polymer precursor are largely

unknown. The purpose of this paper is to characterize

the structure and to explore the modulus and strength

of electropsun PAN-derived carbon nanofibers.

Fibers can be electrospun from polymer solutions in a

fairly cost-effective manner [11,12]. Electrospun fibers

undergo huge elongation and thinning with a strain rate

of �1000 s�1 and the drawing ratio is often as high as
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104 [13]. The aspect ratio of the fibers, L/d, is in the

range of 1000, with diameters (d) of 10–400 nm and

lengths (L) up to several centimeters. Recent observa-

tions show that both the molecular orientation and the

degree of crystallinity of the electrospun fibers are high

[14]. The spatial orientation of the as-spun nanofibers
can be controlled with an electrostatic field leading to

control of deposition geometry. This has potential appli-

cation in the fabrication of one-dimensional devices or

the reinforcement of composite materials [15,16].

As in other fiber processing techniques, the final prop-

erties of the carbon fibers are largely determined by the

precursor material, and the conditions used to form the

precursor fiber. Post-treatment steps (e.g., stretching
and carbonization) merely refine and perfect the as-spun

structure. Hence, we speculate that the fundamental

structure and orientation of the fiber are established dur-

ing the electrospinning process. Therefore, to obtain high

performance carbon nanofibers, it is important to under-

stand the processing parameters. Due to the special

properties of the electrospun PAN precursor and the typ-

ical dimensions of the carbonized nanofiber, high modu-
lus and strength are each worthwhile goals to attempt to

achieve. Carbonized microfibers are brittle, which sug-

gests they usually fail under mechanical load at critical

flaws [17]. Due to the high L/d ratio of the nanofibers,

reinforcement of composite materials would be expected

to be effective based on the Halpin–Tsai model [18].

This paper initially presents characterization of the

structure and chemical composition of the as-spun and
then carbonized nanofibers. The investigation of the

bending modulus and stress failure of individual carbon-

ized nanofibers is then presented.
2. Experimental procedure

All reagents were used without further purification.
Polyacrylonitrile (PAN) with an average molecular

weight of Mw = 150,000 g/mol (Aldrich) was dissolved

in slightly heated N,N-dimethylformamide (DMF) to

yield an 8 wt.% solution. The polymer solution was elec-

trospun from a 5 ml syringe with a hypodermic needle

with an inner diameter of 0.1 mm. A pressure of

150 mbar of air was applied to the solution to control

the flow rate. A copper electrode was placed in the poly-
mer solution and the extruded solution was spun onto

the sharp edge of a grounded collector disk (for addi-

tional details, see Theron et al. [15]). The strength of

the electrostatic field was maintained at 0.9 kV/cm and

the linear speed of the edge of the disk collector was

V = 5 m/s. All the experiments were performed at room

temperature in air. The as-spun PAN fibers were col-

lected on aluminum oxide (alumina) substrates that were
attached on the edge of the collecting wheel. For carbon-

ization, the substrates were placed in a tube furnace and
stabilized in air for 30 min at 250 �C, then carbonized for
1 h in nitrogen at 750 �C, and finally heated at 1100 �C in
nitrogen for another hour; the ramp rate was 5 �C/min
between the 250, 750, and 1100 �C plateaus.
Raman spectra of the carbon fibers were taken with a

Renishaw Raman microspectrometer (514.5 nm excita-
tion,�15 mW power;�0.8 lm diameter focus spot using
a 100· microscope objective, and a notch filter between
500 and 4000 cm�1). Elemental analysis of the carbon-

ized fibers was performed by microcombustion to detect

any traces of carbon, hydrogen and nitrogen, and by

pyrolysis to find traces of oxygen. The analysis was per-

formed on a mat of heat-treated nanofibers to within an

error of 0.3 wt.% (Atlantic Microlab, Inc.). The fibers
were observed under a scanning electron microscope

(SEM, LEO Gemini 1525) using an acceleration voltage

of 3 kV. The fibers were also observed under a transmis-

sion electron microscope (TEM, Hitachi HF-3010). Elec-

tron energy loss spectrometry (EELS) was performed in

a TEM (Hitachi HF-2000 FEG) to determine the sp2/sp3

ratio. A graphite sample (HOPG; ZYB grade, SPI-2, SPI

Inc.) served as a reference for pure sp2 bonding. For the
TEM analyses, the fiber deposits were on a SiO TEM

grid (Ted Pella, 300 mesh).

The structure of the nanofibers was also examined by

wide-angle X-ray diffraction (WAXD) using the DND-

CAT at the Synchrotron Research Center at the

Advanced Photon Source (14,586.4 eV) at Argonne Na-

tional Laboratory. The wavelength was k = 0.85986 Å.
Two-dimensional WAXD patterns were collected using
a CCD detector with a spatial resolution of 73.242 ·
73.242 lm. The exposure time for each experiment was
100 s. Calibration was performed using the NIST 674a

Titanium oxide (Rutile) and corrundum (Alumina) sam-

ples. The nominal sample-to-detector distance was

120 mm. Patterns were obtained from bundles of aligned

nanofibers which had been mounted perpendicular to

the X-ray beam.
To perform failure testing, a single carbonized fiber

was mounted on one end to an AFM cantilever tip (that

served as a force-sensing element) and on the other end

was glued to the etched tip of a tungsten wire. The setup

of the clamped carbonized fiber is shown in Fig. 1. Han-

dling of the fiber and gluing onto the W wire tip were

achieved using an optical microscope (Zeiss Axiovert

100; 500· magnification) equipped with mechanical
translators. The glue, Hysol� with a shear stress of

20 MPa, was purchased from Dexter Co. The free end

of the fiber was clamped onto the tip of the AFM can-

tilever using electron beam-induced deposition (EBID)

[19]. The AFM cantilever, which was purchased from

Mikromasch, Inc. (NSC12), had a measured spring

constant of k = 0.47 ± 0.003 N/m and was calibrated

according to the methods presented by Sader et al. [20]
and Dikin et al. [21]. Both the W wire with the attached

nanofiber and the AFM cantilever were mounted on a



Fig. 1. SEM image of a carbonized nanofiber clamped between an

AFM tip and a tungsten wire. A smaller AFM cantilever on the same

AFM chip is present in the background.
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nano-manipulator [22] which was fixed inside the SEM

chamber. Tensile tests of the carbonized fibers were con-

ducted inside the SEM vacuum chamber whereby the

applied force was calculated from the observed deflec-
tion of the AFM cantilever.

The bending modulus of the carbonized fibers was

determined using the natural resonance vibrationmethod

[23]. The fiber was bonded to the tip of anAFMcantilever

using EBID; the cantilever was itself attached to a piezo-

electric bimorph actuator. By applying an alternating

electric potential to this piezoactuator, the attached fiber

could be driven into mechanical resonance. The SEM
chamber pressure was �10�6 Torr. The resonance fre-
quency was always much larger than the SEM raster

scanning rate so the amplitude of vibration was mea-

sured. For a uniform circular cross-section cantilever

beam with a free end, the modulus–frequency relation-

ship from the classical analysis of linear elasticity is [24],
Fig. 2. (a) and (b) Show SEM images of electrospun nanofibers and (c

magnifications.
fn ¼
b2n
2p

d
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ffiffiffiffiffiffiffiffi
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where bn is the eigenvalue obtained from the character-

istic equation cosh(bn)cos(bn) = �1. For the fundamen-
tal mode of vibration, which corresponds to the first

eigenvalue, the coefficient bn = 1.875. The parameter d

is the diameter, L is the length of the nanofiber, and q
is the material density. E is the Young�s modulus, how-
ever due to the measurement method we refer to this
constant as the effective bending modulus. Higher modes

were not observed due to vibration power constraints. It

was assumed that the resonance frequency was that of

the fundamental mode.
3. Results and discussion

3.1. Materials and structural characterization

Fig. 2 shows SEM micrographs of electrospun poly-

mer, and carbonized, nanofibers at different magnifica-
tions. After a collection time of 1 h electrospun

polymer fibers form a dense mat with a porosity of

�30% and a thickness of 50 lm as shown in Fig. 2a

and b. Individual fibers, Fig. 2b, have a uniform cross-

section with an average diameter of 220 ± 60 nm,

although in some cases beads appear; these are due to

capillary instability [25]. In certain instances, a connec-

tion between the collected fibers is observed which prob-
ably formed during the process of fiber deposition. After

the carbonization process (Fig. 2c and d), the mat re-

tained its shape and the average diameter shrank to

110 ± 40 nm.
) and (d) show SEM images of carbonized nanofibers, at different
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Microcombustion and pyrolysis of the carbonized

mat showed that the carbonized nanofibers contained

89.47% carbon, some nitrogen (3.93%) and oxygen

(3.08%), and a small amount of hydrogen (0.33%).

The presence of nitrogen is apparently due to the C–N

bonds which are typically found in PAN carbon fibers
when the final temperature in the heat treatment is less

than 2000 �C [26,27].
Fig. 3 shows the X-ray diffraction pattern of a bundle

of electrospun nanofibers. The nanofibers exhibited two

equatorial peaks with a diffuse meridian peak. The pri-

mary equatorial ð1010Þ peak at 2h = 16.88� corre-

sponds to a spacing of d = 5.25 Å while the weaker

reflection ð1120Þ at 2h = 29.5� corresponds to a spacing
of d = 3.05Å (note Miller indices (hkil) are used for iden-

tification of planes in hexagonal crystals).

The ratio of the d-spacing of these two peaks (1.72) is

very close to
ffiffiffi
3

p
:1, indicating hexagonal packing of the

rod-like PAN chains [28,29]. The diameter of the chain

is approximately dð100Þð2=
ffiffiffi
3

p
Þ ¼ 6.06 Å. Meridional

and off-axis scattering is present as a weak, diffuse scat-

tering centered about 2h = 38.52�, corresponding to a
spacing of d = 2.46 Å which may indicate minor regular-

ity along the chains. Equatorial peaks are commonly ob-

served with PAN fibers, however the scattering at about

2h = 38.52� is uncommon [28,30,31]. The coherence

length, Lc, was determined by analyzing the primary

equatorial peak using the Scherrer equation Lc =

k/(Bcosh), where k is the wavelength of the X-rays,

and B is the width at the half-intensity for the equatorial
peaks. The value of the nanofiber crystal size was

53.14 Å. As a reference, the value for a highly oriented

fiber containing co-polymer (85% acrylonitrile) was

145 Å [31]. From the X-ray diffraction of the electrospun

fibers, the Herman�s orientation factor ðf ¼ ½3hcos2/i�
1
=2Þ for the (100) plane was calculated to be
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Fig. 3. X-ray diffraction pattern recorded from a bundle of electro-

spun fibers.
0.34 ± 0.03. Compared to the Herman�s orientation fac-
tor of 0.6 for highly oriented melt-spun co-polymer

fibers (85% acrylonitrile) [31], and 0.66 for wet-spun

co-polymer fibers (90% acrylonitrile) [32], the electro-

spun PAN shows somewhat lower orientation. How-

ever, as-spun fibers undergo post-drawing processes
including annealing by heating and cooling under ten-

sion, to yield a high level of orientation.

Fig. 4 shows the X-ray diffraction pattern of a bundle

of carbonized nanofibers. The bundle exhibits four dif-

fuse equatorial peaks that indicate rather poor orienta-

tion: the primary equatorial (002) peak at 2h = 24.1�
(corresponding to a spacing of d = 3.68 Å), a weaker

reflection (101) (which may overlap the reflection of
(100)) at 2h = 42.5� a diffuse peak of (004) at

2h = 52.5� and a weak peak of (110) at 2h = 77.5 �
The c-axis spacing (d002) is larger than the single crystal

value of graphite (0.335 nm for HOPG), which is prob-

ably attributable to the presence of H, O, and N, and the

presence of sp3 bonds [26]. The value of the nanofiber

crystal size (002) was Lc = 12.84 Å. This coherence

length is similar to the Lc = 18.3 Å measured by Kabur-
agi et al. [33], for a commercial carbon fiber with a sim-

ilar amount of C, H and N and with a similar heat

treatment (stabilization at 260 �C and carbonization at

1200 �C). Measurements of the scattering at normal inci-
dence, 22.5�, and 45� relative to the X-ray beam, re-
vealed that the sample was isotropic in nature.

Fig. 5 shows a typical Raman spectrum (1100–

2000 cm�1) of a bundle of carbonized fibers. There
are two broad overlapping peaks centered around

1359.40 cm�1 (width 180.01 cm�1) and 1588.60 cm�1

(width 119.91 cm�1). These D and G peaks were fitted

using a Gaussian–Lorentzian mixed shape [34,35]. The

ratio of the integrated intensity of the D and G peaks,

R = ID/IG = 0.925 ± 0.04, characterizes the disorder in
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Fig. 4. X-ray diffraction pattern recorded from a bundle of carbonized

electrospun fibers.
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Fig. 6. EELS spectra of a carbonized fiber mat, and of graphite

(HOPG) used as a reference.

Fig. 7. Two SEM images of the fracture surface of carbonized PAN

fibers. The fibers were broken during sonication in an ultrasonic bath.
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Fig. 5. Raman spectrum of the carbonized PAN nanofibers. The solid

line is the spectrum and the dashed line is the superposition of the two

fitted Gaussian–Lorentzian peaks.
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the carbon fiber and is a measure of the number of dis-

ordered (D), and ordered (G) C atoms [34]. These results

are comparable to the Raman spectra of commercial

PAN fibers presented by Melanitiis et al. [36] that had
undergone heat treatment at 1350 �C. However, the
intensity ratio, R, of fibers that were carbonized at

higher temperature (>2000 �C), was lower (R < 0.5),
which is apparently indicative of more highly ordered

fibers. Huang and Young [37], however, found that the

intensity ratio, R, varies throughout the fiber cross-sec-

tion; for a commercial PAN fiber (7.8 lm diameter), R

varies from 1.5 in the core to 0.5 on the skin, hence var-
iation of the crystal size and orientation across the fiber

is demonstrated. Due to the large size of the diameter

focus spot of the Raman spectrometer in our setup rel-

ative to the typical diameter of the electrospun PAN-

derived carbon fiber, we could not distinguish between

the skin and the core of the fibers.

EELS was used to further characterize the carbon fi-

bers. Typical EELS spectra acquired from a carbonized
PAN fiber in the energy loss range of 280–310 eV are

shown in Fig. 6. To determine the fraction of sp2 and

sp3 carbon bonds, EELS spectra were analyzed by the

method proposed by Cuomo et al. [38]. The fraction of

the sp2-bonded C (thus sp2 bonds divided by the sum of

sp2 and sp3 bonds) was found to be 0.78 ± 0.05. The

confirmed presence of sp3 bonds is consistent with the

presence of the D line in the Raman spectrum, which
corroborates the structural disorder expected for this

fraction of sp3 bonds [17].

The transverse structure of carbonized fibers ob-

served by HR-SEM are shown in Fig. 7. The micro-

graphs of fibers that broke during sonication in

ultrasonic cleaning baths demonstrate the structural het-

erogeneity that exists in the cross-section of the fibers. It
can be seen that the crystalline sheets are oriented radi-

ally in the skin and form a tubular structure, but form a

random granular-like structure in the core. The thick-

ness of the shell is approximately 10 nm. TEM micro-

graphs of carbonized nanofibers are shown in Fig. 8.

A clear aggregation of elongated crystals parallel to

the fiber axis is shown. These may be viewed as



Fig. 8. Two TEM micrographs of the broken edge of carbonized

fibers. Several sheath layers can be observed across the edge.

Fig. 9. (a–d) HR-TEM lattice-fringe images from
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two-dimensional polycrystals with curvilinear anisot-

ropy and a preferred axial direction along the fiber axis.

Lattice-fringe images from the longitudinal section of

carbonized fibers are shown in Fig. 9. There is evidence

of skin-core heterogeneity along the fiber axis. The skin

region contains layered planes oriented predominantly
parallel to the surface; there are also some crystallites,

which can be considered layer plates, which are misori-

ented with respect to the fiber axis. A similar crystalline

configuration was reported by Huang and Young [37]

and by Johnson [39] for macroscopic-sized PAN fibers

(with a diameter > 5 lm). The micrographs reveal the
turbostratic structure: high stacking disorder character-

istics, with no regularity of packing in the c-axis [26].

3.2. Mechanical characterization

To derive the bending modulus of the carbon nanof-

ibers, we used the mechanical resonance method. Fig. 10

shows a typical example of a nanofiber driven at its fun-

damental resonance by the piezoelectric actuator. The

quality factor (Q) measured for the nanofibers ranged
from 180 to 260. The low Q may reflect the turbostratic

structure of the nanofibers. The dependence of the

amplitude on frequency (for constant voltage) is approx-

imately Lorentzian, as expected for damped harmonic

vibration (see Fig. 11). The fiber in Fig. 11 has a quality

factor Q = 250 and a bending modulus of E = 75 GPa.
the longitudinal section of carbonized fibers.
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Fig. 11. The amplitude vs. frequency curve for a carbonized fiber

mechanically excited at its resonant frequency. The points were fit with

a Lorentzian fitting algorithm, and the calculated Q factor is 250.

Fig. 10. SEM image of a mechanically resonating nanofiber clamped

to an AFM cantilever tip.
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Lower Qs were observed for fibers that exhibited

lower values of the modulus (for example, Q = 180,

E = 53 GPa.) As we did not observe any shift in the res-

onance frequencies for large amplitude vibrations for

any of the measured nanofibers, the response was linear
for large amplitude deflections.

Based on the experimentally measured data, the

bending modulus of the carbon nanofibers was calcu-

lated using Eq. (1). The density of the fibers was as-
Table 1

Bending modulus of electrospun PAN-derived carbon nanofibers

Length [lm] (±0.2) Diameter [nm] (±5) N

17 200 53

24.3 115 16

13.8 105 41

11.51 181 98

33.61 150 11

78.27 114 1
sumed to be q = 2.00 [g/cc]. Some of the experimental
results are summarized in Table 1. The average bending

modulus of the carbon nanofibers was 63 ± 7 GPa. Since

the scale, shape and typical microstructure of the carbon

nanofiber were convoluted in the bending modulus mea-

surement, the calculated value cannot be directly com-
pared to the Young�s modulus of carbon fibers. As a
basis for comparison, the lowest tensile modulus mea-

sured for commercial high strength PAN-based carbon

fiber was E = 230 GPa (ultimate firing temperature

1350 �C) [36].
The failure stress of the carbon fibers varied from

0.32 to 0.90 GPa. For all 19 specimens that were tensile

tested, failure occurred in the gauge region. Fig. 12
shows SEM micrographs of the fracture surface of a car-

bonized PAN fiber. In Fig. 12a–c a fiber with a roughly

circular cross-section is shown in different perspective

views and at different levels of magnification. The core

of the fiber shows a random arrangement, while the skin

has a circumferential arrangement. In Fig. 12d and e,

the surfaces of carbonized fibers at fracture sites are

shown. While the failure was probably due to shear or
a combination of stresses, it can also be seen that the

cores in these fibers reveal a random arrangement.

Since these carbonized fibers are a brittle material,

the lack of ductility or yielding leads to large data scatter

in strength testing. That fracture occurs randomly in the

gauge region (rather than always occurring close to the

clamps, where a stress concentration is present) suggests

that there is a distribution of defects in these nanofibers
and that at least one critical defect that provides a higher

stress concentration than near the clamps may be pres-

ent for each. The fracture strength of the carbonized

fiber is apparently determined by a combination of the

microstructure and variable defect size and shape,

assuming that the toughness of the fiber is an intrinsic

property and does not vary. Since the flaws are ran-

domly distributed, the measured strength could depend
on the length and diameter of the fibers—the greater

the volume of the fiber, the greater the number of flaws,

and the higher the probability of several flaws being

present.

It is known that the strength distribution of brittle

materials can be described by the Weibull cumulative

distribution function. Weibull statistics as they apply
at. frequency [kHz] Young�s modulus, E [GPa]

4.6 61.0 (±3.24)

1.0 69.8 (±3.80)

4.0 57.6 (±4.32)

8.7 53.5 (±4.00)

4.0 75.3 (±3.08)

3.98 57.7 (±2.59)



Fig. 12. (a–e) SEM images of fracture surfaces of carbonized fibers after tensile loading to break.

Fig. 13. Weibull probability plot for carbonized fibers (m = 3.2,

r0 = 0.64 GPa).
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to strength values provide a probability of failure at

given stress levels. The Weibull probability function

for tensile test structures, assuming that the structure

is incompressible, is [40,41]

P f ¼ 1� exp � ra
r0

� �m� �
ð2Þ

where Pf, the failure probability, is a function of ra, the
applied stress, r0 is the scaling factor and the exponent
m is a material parameter called the �Weibull modulus�.
The failure probability of a specimen can be calculated

using the median ranking which is recommended for

moderate size samples [42]. Thus, r0 and m are the un-

knowns of the Weibull distribution that must be deter-

mined experimentally. An assumption of the above

Weibull model (Eq. (2)) is that the fibers to be modeled

are of the same volume. Of the experimental results pre-

sented herein, only the fibers whose volumes were in the
same range (1.5–2 lm3) were used in the Weibull analy-
sis. The results of the failure stress measurements are

shown in Fig. 13. Applying the median rank regression

curve fitting, using the failure stress r0 as the dependent
variable, resulted in r0 = 0.64 GPa and m = 3.2. This

indicates that 63%, that is, (1 � e�1) Æ 100% of the spec-

imens will fail when the stress reaches r0. The goodness
of the fit to the straight line in Fig. 13 is r2 = 0.92. For
comparison, we apply the maximum likelihood estimates

(MLE) which resulted in r0 = 0.62 GPa and m = 3.5. In

this method, the confidence intervals (95%) for the esti-

mates of r0 and m were: lower bounds: r0 = 0.55 GPa,
m = 2.5, and upper bounds: r0 = 0.71 GPa, m = 5.0.
As a comparison, the lowest tensile strength that was

measured for commercial high strength PAN-based car-

bon fiber was r0 = 1.86 GPa [37]. Fig. 14 presents the
carbon fiber failure stress as a function of the gauge
length. It seems that the failure stress of the carbon fi-

bers slightly decreases as the gauge length of the speci-

men increases. Fig. 15 presents the carbon fiber failure

stress as a function of its diameter. As can be seen in

the graph, the failure stress is slightly decreased as the

surface area of the fiber increases. In both graphs, we be-

lieve that due to the 3-D heterogeneous structure of the
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Fig. 14. Carbon fiber failure stress as a function of the gauge length.
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Fig. 15. Carbon fiber failure stress as a function of the fiber diameter.
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carbonized fibers, namely the cross-sectional as well as

longitudinal heterogeneity of the fibers, we cannot ex-

pect a simple relation between the failure stress and a

single parameter such as the length or the diameter [43].
4. Conclusions

In summary, this work describes the fabrication of

electrospun PAN-derived carbon nanofibers that were

then carbonized, with diameters ranging from 50 to

250 nm. The production of such nanofibers represents

an important step for study of their structure and prop-

erties, and for further developing them for potential use

in composites or as individual elements. A high degree

of orientation of the as-spun nanofiber was obtained,
which can be explained by the structure formed during

the electrospinning process. EELS spectra of the car-

bonized nanofibers shows the C atoms to be partitioned
into �80% sp2 bonds and �20% sp3 bonds which agrees

with the observed structural disorder in the fibers.

SEM and TEM images show a skin-core structure for

the fiber cross-section. The skin region contains layered

planes oriented predominantly parallel to the surface,

but there are some crystallites in the skin region, hence
layered planes, which were misoriented with respect to

the fiber long axis. Such a turbostratic structure has been

reported previously [26,44,45]. Microcombustion results

of a mat carbonized nanofibers showed 89.5% carbon

and 3.9% nitrogen, 3.08% oxygen and 0.33% hydrogen.

The bending modulus of individual nanofibers was

measured by a mechanical resonance method and the

average modulus was 63 GPa. The fracture strength of
the carbonized fibers were analyzed using a Weibull sta-

tistical distribution based on the assumption that the

variation in strength is caused by a variation in the stress

concentration from a critical defect in a given volume of

material. The Weibull fracture stress fit to this statistical

distribution was 0.64 GPa with a failure probability of

63%. The Weibull strength of the material was assessed

using a constant specimen volume. Future work should
examine the strength of specimens having a range of vol-

umes (i.e., with varying lengths and diameters) in order

to fully examine the applicability of the Weibull theory

of failure. It is expected that in studying smaller vol-

umes, it will be found that the defect distribution will

be highly dependent on the material�s microstructure.
Comparing the mechanical properties of the electro-

spun PAN-derived carbon nanofibers to commercial
PAN-derived carbon fibers is of interest. Besides the size

effect (the diameter of commercial fibers is greater than

5 lm), the commercial carbonized fibers are usually pro-
duced from co-polymers (e.g., 10% methyl methacry-

late), subjected to post-drawing processes with heating

under tension, and carbonized at between 1400 and

1700 �C) [17]. As this is the first paper, to our knowl-
edge, addressing both fabrication and mechanical inves-
tigation of electrospun carbon nanofibers, it is perhaps

premature to conclude that the mechanical properties

of electrospun PAN-based carbon nanofibers will al-

ways be inferior to the commercial PAN-based fibers;

certainly, the stiffness and strength of those discussed

here are lower than commercial PAN-based fibers. If

the polymer precursor morphology and molecular orien-

tation, along with the carbonization process, can be
optimized it is possible that the stiffness and fracture

strength of carbon nanofibers based on the electrospin-

ning process could be substantially improved.
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