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Tensile tests were performed on carbon nanofibers in situ a transmission electron micro-
scope (TEM) using a microelectromechanical system (MEMS) tensile testing device. The car-
bon nanofibers tested in this study were produced via the electrospinning of
polyacrylonitrile (PAN) into fibers, which are subsequently stabilized in an oxygen environ-
ment at 270°C and carbonized in nitrogen at 800 °C. To investigate the relationship
between the fiber molecular structure, diameter, and mechanical properties, nanofibers
with diameters ranging from ~100 to 300 nm were mounted onto a MEMS device using
nanomanipulation inside the chamber of a Scanning Electron Microscope, and subse-
quently tested in tension in situ a TEM. The results show the dependence of strength and
modulus on diameter, with a maximum modulus of 262 GPa and strength of 7.3 GPa mea-
sured for a 108 nm diameter fiber. In particular, through TEM evaluation of the structure of
each individual nanofiber immediately prior to testing, we elucidate a dependence of
mechanical properties on the molecular orientation of the graphitic structure: the strength
and stiffness of the fibers increases with a higher degree of orientation of the 002 graphitic
planes along the fiber axis, which coincides with decreasing fiber diameter.

© 2013 Elsevier Ltd. All rights reserved.

The primary precursors used for large-scale production of
carbon nanofibers, where the mechanical integrity of the fi-

1. Introduction

Carbon nanofibers, which have high strength and stiffness, as
well as unique thermal and electrical properties, have numer-
ous applications in a wide range of fields, including: use in
structural applications as reinforcement agents in composite
materials, use in protective textiles, use in environmental
applications as filtration membranes, use in electronics, use
in hydrogen storage applications, use in lithium ion batteries,
and use in medical applications as wound dressings [1-8]. In
many of these applications, the mechanical integrity of the
carbon nanofibers is paramount, thus it is critical to charac-
terize the mechanical behavior of individual nanofibers.
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bers is important, are polyacrylonitrile (PAN), rayon, and
pitches [9]. As discussed in a recent comprehensive review
of PAN-based nanofibers, the most promising technique for
synthesis of carbon nanofibers is electrospinning, with PAN
being the most frequently used polymer precursor [1].
PAN-derived carbon fibers are produced by electrospin-
ning, followed by stabilization and carbonization of the
resulting fibers [1,10-13]. Electrospinning allows for the pro-
duction of fibers with diameters between 10 nm and 10 pm
[14,15]. One benefit of carbon fibers with diameters on the or-
der of 100 nm compared to fibers with 10 pm in diameter is
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the significantly larger surface area to volume ratio of the
nanofibers, which can reach 102 times that of the microfibers
[16]. The thinner fibers are thus attractive for use in compos-
ites, where mechanical integrity between the matrix and the
surface of the reinforcing agent is critical for effective load
transfer [2,17]. In addition, the thinner fibers require signifi-
cantly less carbonization time, resulting in lower manufactur-
ing costs than those of larger fibers [18].

To quantify the mechanical properties of carbon nanofi-
bers, researchers have applied a variety of methods, includ-
ing: using an atomic force microscope (AFM) to indent
individual fibers [19], performing tests on yarns composed
of tens to hundreds of carbon nanofibers to obtain mechani-
cal yarn properties that are a function of both the mechanical
properties of the individual fibers and the structural arrange-
ment of the fibers within the yarn [18], performing tensile
tests on sheets of nanofibers to obtain average mechanical
properties of the individual fibers collectively [20], and mea-
suring the bending modulus using resonant frequency exper-
iments in the chamber of a scanning electron microscope
(SEM) and subsequently using an AFM cantilever as a load
sensor during SEM imaging to measure the strength of the fi-
ber [21]. A recent review highlights the lack of data on individ-
ual carbon nanofibers due in large part to the challenges
present in isolating, manipulating, and gripping individual fi-
bers [1]. Tensile tests of individual carbon fibers have been
successfully performed by Arshad et al. [17] using a micro-
electromechanical system (MEMS) based device to load indi-
vidual samples in situ a SEM.

In particular, Arshad et al. [17] performed a study on the
effect of stabilization and carbonization parameters on
resulting carbon fiber properties. They characterize the struc-
ture of the resulting fibers using macroscale procedures, and
through SEM studies, quantify the mechanical properties of
individual fibers with diameters ranging from 200 to 500 nm
for carbonization temperatures ranging from 800 to 1700 °C.

Here, we present an experimental study in which we use a
MEMS device to apply tensile loads to individual carbon
nanofibers in situ a transmission electron microscope (TEM).
This allows both characterization of the structure of a nano-
fiber and measurement of its mechanical properties, in order
to identify structure-property relationships in electrospun
carbon nanofibers. The Espinosa group has successfully em-
ployed this technique in nanomechanics studies of CNTs
[22], ZnO nanowires [23,24], GaN nanowires [25], and Ag nano-
wires [26]. The data reported in the present study augment
those previously reported [17] by providing data for smaller
diameter samples, in addition to the powerful in situ TEM
classification of the molecular arrangement of the individual
nanofibers being tested.

2. Materials and methods

2.1. Materials

The fibers used were fabricated by the Dzenis group through
processing similar to the one reported in [27]. We note that
the samples were produced by co-spinning double wall nano-
tube (DWNT) bundles (MER Corp.) and PAN polymer (Pfaltz

and Bauer, Inc.; cat# P21470, MW 150,000). However, based
on high resolution TEM imaging, we note that the samples
individually selected for nanoscale mechanical tests con-
tained no DWNTs inside, nor any evidence that their struc-
ture was at all affected by the presence of DWNT elsewhere
in the macroscopic mat of carbon nanofibers. Thus, the fibers
tested in this study are carbonized PAN fibers.

The DWNTs were dispersed in dimethylformamide (DMF)
and were subjected to high speed shear mixing at
17,500 rpm for 6 h. The PAN polymer was added to the mix-
ture and fully dissolved to produce a 10% PAN/0.12% DWNT
wt/wt dispersion in DMF. The dispersion was then ultrasoni-
cated in a bath for 1.5h. The starting weight ratio resulted
in a 1.2% weight fraction of DWNTs in the PAN nanofibers
after electrospinning, none of which were present in the
tested nanofibers. Nanofibers were fabricated using electros-
pinning at 12kV with a 0.6 ml/h feed rate, a 20 ga needle,
and a spinneret-collector distance of 20 cm.

The as-produced nanofibers were subsequently converted
to carbon nanofibers following an established procedure of
stabilization followed by carbonization [10-12]: first, mats of
nanofibers were stabilized in an oxygen atmosphere at
270°C for 1h, and second, carbonization was performed at
800 °C in nitrogen, at a heating rate of 10 °C/min and dwell
time of 1 h.

2.2.  In situ TEM mechanical testing

Electrospun carbon nanofibers, with diameters ranging from
~100 to ~300 nm, and a gauge length of ~2.5 um, were tested
in tension on a MEMS device in situ a TEM by the Espinosa
group, and stress versus strain data were obtained. The MEMS
testing stage used is comprised of four main components: a
thermal actuator, a load sensor, and two opposing shuttles,
one connected to the thermal actuator and the other to the
load sensor (Fig. 1) [28-31]. For a tensile test, a sample is
gripped to each of the two opposing shuttles, and increasing
currents are applied to the thermal actuator, which provides
a tensile displacement to one end of the sample. The force
through the sample causes a displacement of the folded
beams of the load sensor; thus, the force can be calculated
by multiplying the stiffness of the load sensor by the deflec-
tion of the load sensor. For a review of the in situ TEM exper-
iments using MEMS technology, see [32].

Through the electrospinning and carbonization processes
described above, the samples were prepared as a mat of car-
bonized nanofibers. To extract samples from the mat for test-
ing, an exfoliation process was performed [33], whereby
nanofibers were transferred to a TEM grid. Straight samples
with a uniform diameter were selected for testing. Each sam-
ple was transferred to a MEMS testing device through use of a
nanomanipulator (Klocke) inside the chamber of an SEM (FEI
NovaSEM 800). The sample was placed to span the gap be-
tween the two shuttles. Each end of the sample was fixed to
one of the two shuttles using electron beam induced deposi-
tion (EBID) of a local carbonaceous platinum rectangular spot
‘weld’ approximately 250 nm long along the axial direction of
the fiber, and 500 nm wide perpendicular of the fiber axis (see
[25]). These welds, applied away from the gauge region,
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Fig. 1 - MEMS device used for in situ TEM mechanical testing. An electrical current sent through the thermal actuator causes
the chevron beams to expand, moving the left shuttle to the left. The sample is clamped to the left and right shuttles with
EBID platinum, and the force through the sample is measured by the deflection of the folded load sensor beams on the right.

served to grip the sample to the shuttles during tensile
loading.

Once a sample was mounted onto a MEMS device, the de-
vice was loaded into a high resolution JEOL 2100F field emis-
sion TEM. Prior to tensile testing, selected area electron
diffraction (SAED) was performed along the length of each
mounted nanofiber. Of particular interest is the spread of
the 002 graphitic crystal diffraction pattern. A diffuse pattern,
with equal signal intensity around the entire 002 diffraction
ring would indicate a random orientation of the 002 crystal
planes in the fiber, whereas discrete points would indicate
perfect alignment of the crystal direction along a specific fiber
direction. Therefore, these patterns were analyzed for each
sample to characterize the degree of molecular orientation
of the graphitic crystalline planes in the carbonized fiber.

Tensile tests were performed in the TEM at 200keV. A
stepwise displacement is applied to the nanofibers by
increasing the current through the thermal actuator of the
MEMS device in discrete steps [28-31]. Digital Image Correla-
tion (Vic2D, Correlated Solutions) was used to quantify the
displacements between shuttles during the test, and imme-
diately after the test for calibration purposes. The load was
measured by multiplying the calibrated MEMS device load
sensor stiffness (1623 N/m) [30] by the difference in thermal
actuator displacement and the displacement measured dur-
ing each testing step. The displacement of the thermal actu-
ator as a function of current was calibrated after each test,
by unloading the thermal actuator with the same currents
applied during the loading process. Thus, the distance be-
tween shuttles as a function of applied current, but with
zero applied force (and therefore a stationary load sensor)
was measured.

3. Results and discussion

There are several advantages of testing fibers using MEMS in
situ a TEM. In terms of measuring mechanical properties,
one significant advantage is that the diameter of the sample
to be tested can be explicitly and precisely measured along
the entire gauge length before testing. This is particularly
important for electrospun fibers, which typically contain
beads, or local regions of larger diameter, along the length
of the fiber, which would not be detected in a sample without

SEM or TEM imaging [16]. Thus, the imaging of fiber samples
in the SEM and TEM allows for an accurate calculation of the
cross-sectional area, and as a result, stress and modulus mea-
surements. Also, the selection of a constant diameter fiber al-
lows for the accurate measurement of the inherent
mechanical properties not affected by local bead defects or
changes in diameter. In addition, using the MEMS device, dis-
placements of ~2nm may be applied to the 2.5 um gauge
length sample, resulting in strain resolution measurements
on the order of 0.1%, allowing for an accurate modulus mea-
surement of these stiff and brittle samples. Finally, perform-
ing the test in situ a TEM allows for direct evaluation of the
molecular structure prior to testing, providing a powerful
technique through which structure-property relationships
can be directly studied.

In situ TEM tensile tests were performed on five carbon
nanofibers, covering a range of diameters from ~100 to
300 nm. Fig. 2a provides successive images of applying an
increasing tensile displacement to a nanofiber up to failure,
with a high resolution image of the failure surfaces in
Fig. 2b. Note that due to difficulties in nanomanipulation
within a SEM chamber with only four degrees of freedom,
and the tendency for nanosamples to snap to the shuttles
when in close proximity, perfect alignment of the nanofibers
with the tensile axis of the shuttles is not possible. Therefore,
only nanofibers with a tensile axis less than 15° from the
MEMS tensile direction were considered, and any misalign-
ment is taken into account when computing the stress and
strain. Also note that while the EBID platinum deposition is
applied locally as spot welds to the ends of the sample for
gripping purposes, a very small amount may diffuse onto
the specimen gauge region. In addition, imaging of the sam-
ple in SEM and TEM can lead to a very thin layer of amor-
phous carbon coating the sample. Only samples with
minimal platinum coating were considered. Taking into ac-
count that this coating material, if continuous along the
length of the nanofibers, can contribute to the measured
properties, we calculate the maximum error on the modulus
measurements. In particular, following the detailed analysis
presented in [26], which showed that the modulus of this
coating, if assumed to be continuous, is ~13 GPa, we calculate
an error in the modulus measurement of 5% or less in all of
the tests reported here.
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Fig. 2 - (a) Sequential TEM images during a tensile test. (b) High resolution image of the fracture surface in (a). (c) Example

SAED pattern with fiber axis direction indicated, along with the angle from the fiber axis, 0. A schematic overlay of white and
black circles indicates the ring of 002 graphitic plane signal. (d) Integrated intensity of the 002 signal ring of the SAED pattern
in (b) as a function of the angle from the fiber axis (data points represented by solid symbols with solid line indicating best fit
line), with the full width at half maximum, or arc double angle, indicated.

As a means of evaluating and comparing the nanofibers
structures among samples, SAED is performed along the
length of each nanofibers prior to testing. Fig. 2c shows an
SAED pattern for the ~100 nm diameter nanofiber. The 002
graphitic plane diffraction pattern is contained in the ring be-
tween the white and black circles schematically overlaid on
the image. Using QPCED2 [34], the integrated intensity of
the ring as a function of angle from the fiber axis is calculated
and plotted as shown in Fig. 2d. This integrated intensity ver-
sus angle is then fitted with a sinusoidal curve, and the full
width at the half maximum (FWHM) of each curve is calcu-
lated. The FWHM value corresponds to the double angle of
the 002 arc, with larger values indicating more random orien-
tation of the 002 crystal planes, and smaller numbers indicat-
ing an increased degree of preferred orientation along the
fiber axis. The double arc angle is measured for each of the
nanofibers prior to testing, and it generally decreases with
decreasing diameter, indicating that as the fiber diameter de-
creases, the molecular orientation increases (Fig. 3). We note
that the comparison of absolute FWHM values between differ-
ent TEMs with different experimental conditions is not possi-
ble. Thus, we use the quantitative calculation of this value to
provide understanding of the structure-property relation-
ships in carbon nanofibers tested in the same TEM, under
the same experimental conditions. For calculation of FWHM,
the average FWHM is taken for the two peaks in each SAED
pattern, and in addition, several SAED measurements are ta-
ken along the length of each fiber, and the average FWHM val-
ues for all of these patterns is taken as the 002 double angle
for that fiber.
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Fig. 3 — Arc double angle of 002 diffraction pattern as a
function of diameter (symbols), with a linear best fit line
indicating trend.

A stress-strain curve for a 153 nm diameter nanofiber is
given in Fig. 4, where it is shown that the fibers deform
approximately linearly elastically until failure. The maxi-
mum stress and modulus measured for each of the samples,
as a function of nanofiber diameter, is reported in Fig. 5. The
modulus is measured in a region of the data where its accu-
racy is the highest. It is instructive to compare the results
obtained in this study with those obtained in a similar study,
where carbonized PAN fibers were tested using microfabri-
cated devices [17]. In particular, we compare the modulus
and strength measurements from that study for samples
carbonized at 800 °C, the same temperature used in the pres-
ent study. We note that while the previous study showed a
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Fig. 4 - Engineering stress-strain curve (solid squares) for
153 nm diameter carbonized fiber, with measured elastic
modulus shown as a solid line.

very slight increase in stress and modulus with decreasing
diameter, the results presented here augment the previous
data, by revealing the trends for smaller diameter fibers that
were not previously tested, while also showing agreement
with the previously obtained data at larger diameters. In par-
ticular, we measured maximum stresses 2.8 times higher
than the highest previously reported for a carbonization
temperature of 800 °C as we tested fibers below 200 nm in
diameter. It appears that the maximum stress saturates at
diameters below 150 nm, suggesting that at that diameter,
we are probing the materials intrinsic properties. This obser-
vation requires further investigation at diameters below
100 nm, which in general are difficult to manufacture. The
modulus measured increases with decreasing diameter,
again complementary to the data reported by Arshad et al.
[17]. The maximum modulus we measure is 2.3 times higher
than that reported in the previous study. We also note that
the strengths reported here for nanofibers carbonized at
800 °C with diameters of 153 nm and below, exceed those
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of all nanofibers reported in [17], including those carbonized
at 1100-1700 °C. Also, the modulus measured for the 108 nm
diameter fiber in the present study exceeds all moduli mea-
sured in the previous study except one, where the fiber was
carbonized at 1700 °C (fiber diameter of ~150 nm, modulus
of ~330 GPa).

The dependence of fiber strength on diameter has been
studied in various fibers, and it has been shown that a
decreasing diameter, resulting in smaller fiber volume, also
results in a decreased number of initial defects or cracks in
a material, and thus a decreased probability of failure in brit-
tle materials (e.g., [35,36]). In addition to the ability to test
smaller diameter nanofibers than the previous study, we are
also able to evaluate the molecular properties of each sample
tested through SAED inside the TEM. Therefore, to probe the
structure-property relationships, we report the mechanical
properties measured for each sample as a function of its mea-
sured 002 double arc angle (Fig. 6). We note that the strength
increases with decreasing double arc angle, or increasing
molecular orientation of the graphitic planes along the fiber
tensile axis. The strength appears to saturate around
7.3 GPa. In addition, the modulus increases with decreasing
double arc angle. Thus, a decrease in diameter results in an
increase in the molecular orientation of the 002 graphitic
planes along the fiber axis, which in turn manifests into in-
creased mechanical properties of the fiber, namely strength
and stiffness. In addition, as noted in [17], carbonization of
thinner nanofibers results in a more effective removal of
non-carbon elements from the fibers; thus the thinner nanof-
ibers may be more purely carbon.

The fibers presented in this study are envisioned to share
similar applications as commercially available carbon fibers,
for example, in composites, textiles, or armor. Regarding
composite applications, the high surface area to volume ratio
inherent to the nanofibers presented in this study provides a
higher potential for adhesion to matrix materials than their
micrometer diameter counterparts, which is beneficial for in-
creased composite performance.
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Fig. 5 - Stress (a) and modulus (b) versus carbon nanofibers diameter measured in this study (solid diamonds) compared with
data from Arshad et al. [17] (open squares), with the same carbonization temperature. Solid black curves are a guide for the

eye to show the mechanical property trends with diameter.
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Fig. 7 - Normalized velocity versus tensile strength for commercial fibers compared with the carbon nanofibers presented in

the current study.

Regarding fiber effectiveness in armor, Cunniff [37] pointed
out that the critical features for fibers used in ballistic appli-
cations include: high tensile and compressive moduli, high
tensile and compressive strength, high damage tolerance,
low specific weight, good adhesion to matrix materials, and
good temperature resistance.

To determine the critical mechanical properties relevant to
ballistic performance of fibers, Cunniff [37] performed a
dimensional analysis utilizing mechanical properties of
numerous fibers. He demonstrated that for linear elastic fi-
bers, a qualitative indication of fiber potential effectiveness
in ballistic applications is given by:
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where E is the fiber tensile elastic modulus, ¢ is the fiber
ultimate tensile strain, p is the fiber density, and ¢ is the fiber
ultimate axial tensile stress. Thus, the parameter (U)Y3 is a
product of the fiber specific toughness and the strain wave
velocity in the fiber for linear elastic fibers.

In particular, this dimensional analysis showed that the
(U2 value of a fiber scales with the V50 velocity of an armor
system made from those fibers, where V50 velocity is the
velocity at which impacting projectiles defeat a system 50%
of the time. Thus, increasing values of (U’)"® correspond to
increasing V50, and increased protection against projectiles
[37].

Phoenix and Porwal [38] performed additional theoretical
analysis on ballistic performance, and concluded that the
above parameter, which they termed a “normalized velocity
parameter,” indeed is indicative of the effectiveness of fibers
in armor applications, as increased normalized velocity corre-
sponds to increased resistance to ballistic impact.

A detailed review of testing and modeling of ballistic per-
formance of fibers is provided by Tabiei and Nilakantan [39],
where they note that while much work has been done on
modeling of ballistic performance of fibers woven into fabrics,
this topic is very complex, and no single model or parameter
can yet describe in a predictive manner the behavior of all of
the interrelated variables involved in ballistic effectiveness.
Nevertheless, they point out that the normalized velocity
parameter first described by Cunniff provides some qualita-
tive insight into the potential functionality of fibers in ballistic
applications.

Thus, we compare the normalized velocity parameter,
(U")¥3, determined for the fibers reported in this study with
those for commercially available armor fibers in [40-43]
(see Table S1 in Supporting Information). In addition, Fig. 7
shows the normalized velocity versus tensile strength for
the same fibers. This demonstrates the paramount impor-
tance of a combination of high stiffness and strength, which
is achieved in the carbonized nanofibers measured in the cur-
rent study. This data points to the potential application of the
present carbon nanofibers in armor materials.

4, Conclusions

In summary, we report a study in which we perform in situ
TEM tensile tests of carbon nanofibers to elucidate the struc-
ture-property relationships present in these materials. As we
were successful in testing smaller diameter fibers than previ-
ously reported, we were able to reveal a dramatic size effect
previously not reported, whereby modulus and strength in-
crease significantly in fibers with diameters below 170 nm.
In particular, we compare the present results with those re-
ported by Arshad et al. [17], in which electrospun fibers, car-
bonized at 800°C were mechanically tested. The
comparison shows that the present mechanical data for fibers
between 170 and 300 nm agree well with those previously

! http://www.toraycfa.com

reported for a carbonization temperature of 800 °C; however,
the ability to test even smaller diameters in the current study
(below 170 nm) revealed a strong size-dependence of nanofi-
ber properties.

We also note that the tensile strengths reported here for fi-
bers carbonized at 800 °C exceed those of fibers produced at
even higher carbonization temperatures of up to 1700 °C pre-
viously reported [17], while the modulus of the 108 nm diam-
eter nanofibers exceeds all moduli reported in [17] except for
one 150 nm diameter nanofibers carbonized at 1700 °C. This
has important implications on manufacturing costs, as higher
carbonization temperatures require higher production ex-
penses. Thus, the ability to produce fibers with superior prop-
erties at lower carbonization temperatures is highly desirable.
However, we also note that we expect that the strength and
stiffness of the small carbon nanofibers tested here will in-
crease with increased carbonization temperature above
800 °C.

Most significantly, by harnessing the power of in situ TEM
testing, we are able to directly reveal the relationship between
nanoscale structure and mechanical properties in individu-
ally isolated nanofibers, whereby decreasing diameter in-
creases the orientation of the graphitic structure along the
fiber axis, and in turn the mechanical properties of the fibers.
This is indirect evidence of an increasing degree of polymer
precursor molecular alignment, during electrospinning, as
the jet diameter decreases.
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