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ABSTRACT The structural complexity of vapor-grown carbon nanofibers means that they require a method

that determines both their elastic properties and their corresponding morphology. A three-point bending test

method was developed combining atomic force microscopy, transmission electron microscopy (TEM) and focused

ion beam techniques to suspend individual nanofibers and measure their deflection coupled with accurate

determinations of inner and outer diameters and morphology using high resolution TEM. This resulted in much

improved accuracy and reproducibility of the measured values of the elastic modulus which ranged from 6 to 207

GPa. The data showed two distinct trends, with higher values of the modulus when the outer wall thickness of the

nanofibers is larger than that of the inner wall, with the values decreasing with the overall wall thickness. These

results suggest that the more ordered layers of the outer wall, closest to the inner wall, are mostly responsible for

the nanofiber strength. For large nanofiber wall thicknesses of greater than 80 nm, the elastic modulus becomes

independent of the thickness with a value of ~25 GPa. The results also demonstrate that this technique can be a

standardized one for the detailed study of mechanical properties of nanofibers and their relationship to

morphology.

KEYWORDS: carbon nanofibers - elastic modulus - morphology - cone angle -

transmission electron microscopy

*Address correspondence to
nadarajah@utoledo.edu.

Received for review December 21, 2007
and accepted April 28, 2008.

Published online May 10, 2008.
10.1021/nn7004427 CCC: $40.75

© 2008 American Chemical Society

1230

A“t\i/al\\@) VOL.2 = NO. 6

apor-grown carbon nanofibers

(VGCNFs) lack the structural perfec-

tion of single wall carbon nano-
tubes (SWCNTSs), but are believed to have
similar thermal and mechanical properties.
Unlike SWCNTSs, VGCNFs are synthesized in
a continuous reactor with floating catalysts
employing a variety of hydrocarbon
sources.”? As a result, they can be pro-
duced commercially in large quantities at a
much lower cost.® This combination of ex-
cellent multifunctional properties, commer-
cial availability, and low cost has led to
great interest in their use in a variety of ap-
plications, such as for fillers in polymer
nanocomposites.>® However, their wide-
spread use has been hampered by the lack
of a definitive understanding of their struc-
ture and properties.

VGCNFs have a unique hybrid graphene

sheet structure based on both conical and
tubular elements, unlike the solely tubular

structure of carbon nanotubes. Addition-
ally, heat-treated carbon nanofibers un-
dergo a structural transformation, charac-
terized by graphitization. This relative
complexity has led to some confusion in
earlier studies about the structure of these
materials.”® However, recent theoretical
and structural studies have led to a more
precise understanding of their structure,
with two types of nanofibers present. The
more abundant conical nanofibers have an
inner layer composed of a perfect cone-
helix structure and an outer layer composed
of an imperfect or disordered multiwall
nanotube-like structure.”'® The much less
abundant bamboo nanofibers have a seg-
mented structure that is more closely re-
lated to nanotubes. When heat treated the
conical nanofibers undergo a transforma-
tion where the outer layer acquires a per-
fect multiwall nanotube structure and the
inner layer acquires a segmented stacked
cone structure.

The structural complexity of carbon
nanofibers poses considerable difficulties
in determining their elastic properties. This
is in contrast to nanotubes, particularly
SWCNTs, whose relative structural simplic-
ity allows them to be characterized more di-
rectly. Additionally, the greater structural
perfection of carbon nanotubes allows
them to approach the high theoretical
maximum strength of carbon—carbon
bonds in graphite. While measuring the
strength of any nanomaterial is a difficult
undertaking, in recent years direct measure-
ment methods have been developed pri-
marily based on (a) bending tests with
atomic force microscopes (AFM),"' ' (b) vi-
bration measurements with TEM,">'® or (c)
direct tensile measurements with AFM and
SEM.’”7"° These have largely confirmed that
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SWCNTs and MWCNTSs have elastic moduli and tensile
strengths close to the theoretical maxima of ~1 TPa
and ~150 GPa, respectively.

The lack of structural perfection and the existence
of a complex hybrid structure mean that the strength
of VGCNFs does not depend solely on graphitic
carbon—carbon bonds. It follows that it is almost im-
possible to obtain theoretical predictions for their
strength without extensive simplifications and assump-
tions.?° It also precludes the use of some techniques
such as vibration measurements. AFM-based bending
tests are perhaps the only approach and some attempts
have been made to measure the elastic moduli of
nanofibers in this manner,'>'* but reliable measure-
ments have been lacking. An additional problem with
such measurements for carbon nanofibers is the contri-
bution of different sections that make up their struc-
ture and the number of parameters required to charac-
terize them. The strength of SWCNTs depends only on
their diameter®’ and that of multiwall carbon nano-
tubes on their diameter and wall thickness, both of
which can usually be determined as a part of strength
measurements. Even if we restrict the study to conical
nanofibers, they will require the measurement of inner
and outer wall thicknesses and cone angles, in addition
to their diameter, to fully characterize their
morphology.®'° Given the variety of morphologies
that can be present in nanofiber samples, with various
orientations of graphene sheets in them, the elastic
properties may be quite different for each individual
nanofiber. This means that attempts to measure only
the elastic modulus of nanofibers without the corre-
sponding morphology are of little value.

An attempt made in a recent study clearly illus-
trates the difficulties involved in determining the elas-
tic modulus of conical carbon nanofibers.?? Direct mea-
surements of elastic properties were not attempted,
but the investigators estimated a composite elastic
modulus by assuming that the inner layer had a per-
fect graphitic stacked cone structure, while the struc-
ture of the outer layer was allowed to vary from per-
fectly graphitic multiwall nanotubes to turbostratic
layers. Additionally, the elastic modulus of the inner
layer was calculated assuming the modulus of a single
graphene sheet, ignoring the much weaker forces be-
tween the sheets. Predictably, the composite elastic
modulus from these calculations varied from 775 GPa
for perfect graphitic sheets (which is close to the theo-
retical maximum of ~1 TPa) to 110 GPa for turbostratic
outer layers. While useful as an exercise in attempting
to solve a difficult problem, such an estimate cannot be
treated as a reliable measure of VGCNF elastic
properties.

As discussed above, an AFM-based bending test is
best suited for measuring the elastic moduli of carbon
nanofibers, but this needs to be combined with a
method to determine the morphology of the indi-
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vidual nanofibers. In the bending tests nanotubes or
nanofibers are suspended on a membrane,’ on silicon
substrates,'*'> or on grooves etched on silicon wafer
followed by deflection with an AFM probe.'* While this
approach allows for rapid determination of the modu-
lus it does have several drawbacks. Polishing the mem-
brane is not trivial and the weak adhesion of the nano-
material on the membrane surface results in poor
reproducibility. The method of fixing the fibers on sili-
con substrates avoids these issues.’® Also, in these tech-
niques the inner and outer diameters of the suspended
nanomaterial are measured from the AFM image which
convolutes the tip shape with the feature being im-
aged. Deconvolution of these images is not easy, and
it introduces significant errors to the measurement. Ad-
ditionally, the convolution of shapes by AFM means
that these techniques do not allow the nanomaterials
to be imaged at high resolution to determine their
morphology.

Recently, an in situ measurement of the elastic
modulus of MWCNTSs was carried out inside a TEM us-
ing a hybrid nanorobotic manipulator.®® In this tech-
nique a special manipulator was constructed and used
interchangeably inside SEM and TEM holders. The
nanotube sample was mounted on an AFM tip placed
in the manipulator using electron beam-induced depo-
sition inside a SEM. The nanotube was then deflected
using a tungsten probe by placing the manipulator in-
side the TEM holder. The elastic modulus was obtained
from the buckling of the nanotube and the morphology
was determined from a high resolution TEM micro-
graph. The elastic modulus was determined to be in
the range of ~1.23 TPa.

While the above approach is perhaps the best ap-
proach for elastic property measurements for single
nanotubes and nanofibers, it requires specialized
equipment that needs to be constructed. We have de-
veloped an accurate method combining readily avail-
able AFM, transmission electron microscopy (TEM) and
focused ion beam (FIB) technology to determine the
elastic properties of nanofibers and their morphology
which eliminates the shortcomings of previous meth-
ods, but does not require any specialized equipment.
We report the elastic modulus of individual VGCNFs de-
termined using this method and demonstrate its use
to study the dependence of elastic properties on the
morphology of VGCNF. Pyrograf Ill carbon nanofibers
obtained from Applied Science Inc. (Cedarville, Ohio)
were well dispersed in ethanol using ultrasonication. A
2000 mesh copper grid was used as a template to sus-
pend the nanofibers to measure their elastic properties
and corresponding morphology. A droplet of the sus-
pension was then deposited on the copper grid. The
grid was carefully examined under an optical micro-
scope to find nanofibers that lay across square gaps in
the grid template. After identifying the desired nanofi-
bers, the grid was mounted on a FEI Nova Nanolab FIB
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Figure 1. Suspended nanofiber fixed at both ends by platinum pads diagonally across the middle gap: (a) optical micro-
graph, and (b) corresponding AFM height image of the fixed nanofiber shown in panel a.

system, which was used to deposit 200 nm thick plati-
num pads on both ends of each nanofiber lying across
a gap.”* This ensured that the suspended portion of the
nanofiber was securely attached to both ends of the
gap as shown in Figure 1a.

A JEOL 300 KV LaB6 TEM was used to obtain high
resolution TEM images of the suspended nanofiber.
For each nanofiber considered, the average values of
the inner diameter d and outer diameter D were ob-
tained from several measurements taken at various
points over the suspended length of the nanofiber. The
TEM images were also used to determine the morphol-
ogy of the nanofibers. In particular, for conical nanofi-
bers the cone angle 6, the wall thickness t, and the
thickness of the ordered inner layer and disordered
outer layer were measured. The cone angle, outer diam-
eter, and inner diameter are shown in Figure 2, and
the ordered and disordered layers are shown in
Figure 3.

The suspended length L (i.e., the distance between
supports) was recorded using the electron beam imag-
ing mode in FIB. The grid was again examined under
the optical microscope and the locations of nanofibers
attached with platinum pads were identified. The grid

Figure 2. TEM micrograph showing the measured inner di-
ameter (d), outer diameter (D), and the cone angle (0) for a
conical nanofiber.
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was then carefully mounted on a Digital Instruments,
multimode AFM with Nanoscope llla controller and im-
aged using the tapping-mode to locate the same sus-
pended nanofiber (Figure 1b). A nanoscale three-point
bend test was performed using the AFM probe to mea-
sure the elastic modulus of the suspended nanofiber.

For all nanofibers tested, the initial portion of the un-
loading curve did not coincide with the loading curve.
This phenomenon is often observed when conducting
bending tests with the AFM and is thought to be due to
the adhesion of the AFM tip to the nanofiber during
the retracting cycle.?” Beyond this region, however, the
loading and unloading curves were found to coincide
as shown in Figure 4, indicating that the deformation of
the nanofiber was elastic during the experiments. Since
the aspect ratios (i.e., ratios of L to D) for the nanofiber
segments tested were between 10 and 20, beam theory
is valid for this application and shear deformations can
be neglected.

The elastic modulus E for each nanofiber was ob-
tained from a linear fit of the loading force versus de-
flection curve beyond the contact point. The nanofibers
were assumed to be prismatic beams of hollow circu-
lar cross-section. The values of the elastic modulus ob-
tained from multiple bend tests for 17 different nanofi-
bers are reported in Table 1. Post-test TEM micrographs
indicated that the nanofibers remained intact after re-
peated three point bend tests and there was no inden-
tation or damage made by the AFM probe during the
deflection. For each individual fiber, at least six bend
tests were performed and the E values, along with the
standard deviation error, did not show significant varia-
tion as shown in Table 1. This provided further confir-
mation that the fibers remained intact and that the de-
flections of the nanofibers were within the elastic range
for all samples. The consistency of the results for indi-
vidual fibers also illustrates the repeatability of the ex-
perimental method.

The experimental technique developed here can be
used to study the dependence of elastic modulus on mor-
phology since the same fiber used in the AFM bend test
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Figure 3. TEM micrograph showing the morphology of the same nanofiber shown in Figure 1. The disordered outer wall
and ordered inner wall with conical graphene layers are clearly visible. The inset shows the low resolution TEM micrograph
of the same nanofiber. The solid lines represent 5 nm in the figure and 500 nm in the inset.

can be studied using high resolution TEM imaging. For
the nanofibers tested, the cone angles, thickness of the
ordered inner layer and disordered outer layer were mea-
sured and are listed in Table 1. The high resolution im-
ages reduce the error in measuring the inner and outer di-
ameters since these values are obtained directly, unlike
other methods which use deconvoluted AFM images. As
a result, the uncertainty in the measurements is no longer
due to the instruments, but due to nonuniformities in
the nanofibers themselves. The average variation, based
on at least six measurements for each nanofiber, was
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Figure 4. AFM cantilever deflection (AZ,) plotted against
the vertical coordinate of the piezo (Z) during the
pushing—retracting cycle for the suspended nanofiber. The
inset shows the force F plotted against the nanofiber deflec-
tion & curve for the loading cycle.
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found to be = 3 nm, and this was used for all measured
dimensions in Table 1.

A separate test was conducted to demonstrate the ef-
fectiveness of this method to determine any defects
caused by the AFM tip to the nanofiber during the test-
ing process, which was not feasible in the earlier AFM only
methods. Two different nanofibers, one with a thicker
outer layer and the other with a thinner one, were sub-
jected to higher loading forces. The nanofiber with a
thicker outer layer was found to crack at the point of con-
tact when subjected to a loading force of 840 nN and
still remain intact due to the support provided by the
outer layer. For the case of the thinner outer layer, the
nanofiber fractured at a loading force of 190 nN. The re-
sults from the two tests are shown in Figure 5.

For the conical nanofibers, the results from Table 1
suggest that the elastic modulus depends on various
morphological parameters, such as the cone angle,
thickness of the inner layer and the ratio of the outer
layer to wall thickness. However, a closer examination
shows that the most important parameter is the wall
thickness t. Additionally, the data suggest that the rela-
tive fractions of the ordered inner layer and the disor-
dered outer layer causes there to be two distinct prop-
erty regimes for the elastic modulus. When the
disordered outer layer is larger than the ordered inner
layer, with t_ ./t > 0.5, values of the elastic modulus can
be much larger. For two fibers of the same thickness,
such as for fibers no. 4 and no. 9 in Table 1, the value
of E when t,,./t > 0.5 can be almost an order of magni-
tude greater than when t_,,/t < 0.5.

out/
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TABLE 1. Measured Distance between Supports (L), Outer Diameter (D), Inner Diameter (d), Wall Thickness (t), Elastic
Modulus (E), Cone Angles (0), Inner Layer Thickness (t;,), Outer Layer Thickness (t,,,) and Ratio of Outer Layer Thickness

to Wall Thickness for Different Nanofibers®

fiber no. L (pm) D (nm) d (nm) t (nm)
1 48 185+ 3 75%3 55*3
2 7.1 295+3 152 %3 70+3
3 49 170 =3 3+3 50 +3
4 73 174 =3 92=*3 45 =3
5 6.2 325*3 205*3 60 =3
6 83 227 +3 145 +3 40 =3
7 43 195 +3 67 =3 65+3
8 9.2 153 52*3 303
9 59 260 =3 170 =3 45=*3
10 5.1 198 =3 763 61+3
" 83 230=+3 80 =3 75+3
12 54 184 =3 124 £3 303
13 3.7 176 =3 84*3 46 =3
14 25 153 £3 50+3 52+3
15 59 450 =3 190 +3 130 +3
16 8.2 470 =3 260 =3 105 =3
17 83 315*3 65*3 125 %3

E (GPa) 6 (deg) t;, (nm) fout (NM) foult
816 24 20=*3 35*3 0.64
37£3 44 35+3 353 0.50
NB+E8 40 25+3 25+3 0.50
160 =7 M 20=*3 25*3 0.56

602 58 50*3 10£3 0.17
95*9 19 203 203 0.50
B+*2 39 50+3 153 0.23
207 =1 20 10=x3 20=*3 0.67
2004 30 35*3 10=£3 0.22
60 =4 40 2*3 39+3 0.64
3706 M B+3 52+3 0.69
69 =5 40 20=*3 10=£3 0.33
105+9 40 2=*3 24*3 0.52
5*4 30 303 2*3 0.42
32+07

13£06

25 0.6

“Here 6, t;, and t,,, were not measured for the last three nanofibers due to large values of t which limited the resolution.

The above trends are shown in Figure 6a. The val-
ues of E for t, ./t = 0.5 show an inverse relationship
with t, decreasing rapidly from a value as high as 207
GPa as the wall thickness increases. However, the value
of E seems to bottom out at ~25 GPa and remains at
that value even for very thick fibers. This suggests,
counterintuitively, that thinner fibers have greater
strength than the thicker ones. There are fewer nanofi-
bers in our sample with t, ./t < 0.5, but they show a
similar trend although it is somewhat less pronounced.

The significant decrease in E when the outer-wall
thickness is less than that of the inner wall strongly sug-
gests that it is the outer wall that contributes primarily
to the strength of conical nanofibers. When the relative
thickness of the outer wall becomes very small, such
as a t,,,/t of 0.17 for fiber no. 5 in Table 1, the value of
E can drop as low as 6 GPa. This suggests that it may be
more appropriate to calculate E assuming that the load

Figure 5. TEM micrographs of nanofibers tested using large forces: (a) nanofiber with thick outer layer showing a crack in

the middle, and (b) nanofiber with thin outer layer following fracture. The triangle in panel a represents the point of con-
tact of the AFM tip.

ﬁ@N{A’N{() VOL.2 = NO.6 =

is entirely taken up by the outer wall in the three-point
bending test. Figure 6b shows the dependence of the
recalculated E on the wall thickness and it is clear that
the t ./t < 0.5 data and the t, ./t = 0.5 data now
match more closely.

The dominance of the outer wall in contributing to
the strength of conical nanofibers has been suggested
before.'® This is due to the weakness of the interactions
between the helical graphene planes in the inner layer
which cannot provide much load-bearing support.
However, the decrease in E with the wall thickness is
surprising as increasing thickness of the outer layer can
be expected to stiffen the nanofibers. The most likely
reason for this is the increasing imperfection of the
outer wall as more layers are added to it, as can be seen
in Figure 3. These additional layers may not be contrib-
uting to the strength of the nanofiber, resulting in low-
ered values for E when it is calculated assuming that the

www.acsnano.org
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Figure 6. Plots of the elastic moduli of nanofibers for differ-
ent wall thicknesses: (a) when the load is assumed to be

borne by both inner and outer walls, and (b) the recalcu-

lated elastic modulus E’ assuming that the load is borne only
by the outer wall. In both cases data corresponding to t,/t
< 0.5 and t,,/t = 0.5 are shown. The fibers with t > 80 nm
are not shown in panel b as their t,,, could not be measured.

entire wall is load bearing. This also agrees with anec-
dotal evidence that thinner grade nanofibers are pre-
ferred for most applications, such as the PR-24 grade
Pyrograf Il nanofibers produced by ASL. If this is valid
then the correct value of E for the load bearing parts of
the nanofiber will be much larger than that reported

in Table 1, and may approach those reported for
MWCNTs.

Finally, the data in Figure 6a suggests that for thick
fibers with t > 80 nm, the trend changes and the elas-
tic moduli become largely independent of the thick-
ness. This seems to be a distinct region with the modu-
lus having a low value of ~25 GPa, but larger than the
low values reached by the fibers with t ./t < 0.5. This
most likely represents the transition from nanoscale
properties to bulk behavior, with nanofiber properties
becoming closer to those of low grade carbon fiber
rather than the high values associated with nanotubes.
This is probably a reflection of the fact that at thick-

METHODS

The grid with the suspended nanofiber was mounted on
the AFM and imaged using the tapping-mode to locate the
same nanofiber. The nanoscale three-point bend test was per-
formed using an AFM probe as shown in the schematic in Fig-
ure 7. A maximum load of 90 nN was applied with a loading rate
of 1 wm/s at the midspan. During the pushing—retracting cycle,
the cantilever deflection (AZ,) versus the vertical coordinate of
the piezo (2) was recorded. AFM probes with cantilevers of
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AFM Probe
Platinum

Pad Fiber

Support Grid

Figure 7. Schematic of the three-point bend test of the single
nanofiber fixed on the grid by platinum pads using the AFM
tip. L is the suspended length.

nesses of t > 80 nm the nanofiber now mostly con-
sists of turbostratic graphene layers.

In summary, we have developed a method to repro-
ducibly measure the elastic properties and morphology
of individual carbon nanofibers. The inner and outer di-
ameters of the suspended nanofibers were measured
with greater accuracy compared to most previous meth-
ods. The morphology of the nanofiber and associated
properties, such as cone angles, thickness of the inner
layer, and thickness of the outer layer were also measured.
The nanoindentation technique did not damage the
nanofibers during measurements, unless an extremely
high load was employed. The values of E also showed two
distinct trends, with higher values when the outer wall
thickness is larger than that of the inner wall. Addition-
ally, the values decreased with the overall wall thickness,
suggesting that the added layers were not load bearing.
These results suggest that the more ordered layers of the
outer wall, closest to the inner wall, are mostly respon-
sible for the nanofiber strength. For large nanofiber wall
thicknesses of t > 80 nm the elastic modulus becomes in-
dependent of the thickness with a value of ~25 GPa.
The results also demonstrate that this technique combin-
ing TEM, AFM, and FIB can be a standardized one for the
detailed study of the mechanical properties of nanofibers
and their relationship to morphology. As expected, the
measured values of the elastic modulus by this method
for conical nanofibers did not match those for SWCNTs
and MWCNTs, but they could be as high as 200 GPa or
larger.

spring constant of 5 N/m (datum supplied by the manufacturer)
were used in these experiments.

The values for applied force, F, and midspan deflection of
the nanofiber 8, were obtained from the AFM force curves. A de-
scription of the method can be found in other studies.’?°
Briefly, the applied force was calculated from the deflection of
the cantilever by the relation F = kAZ_, where k is the spring con-
stant of the AFM cantilever. Since the vertical displacement of
the piezo is the sum of the deflections of the suspended
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nanofiber and the cantilever, the deflection of the nanofiber
was obtained by subtracting the displacement of the cantilever
from the total displacement of the piezo by the relation, 8 = AZ
— AZ_. Here AZ is the offset of the displacement of the piezo
from the contact point of the AFM tip with the suspended
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