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Direct measurement of bending stiffness and estimation of Young’s modulus

of vertically aligned carbon nanofibers
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The bending stiffness of individual, as-grown, vertically aligned carbon nanofibers was measured
using a custom-built atomic force microscope placed inside a scanning electron microscope. The
internal structure of the nanofiber was best modeled as dual-phase, composed of an inner graphitic
core covered with a tapered amorphous carbon shell. It was found that the fibers have a relatively
low bending stiffness, with Young’s modulus values of about 10 GPa for the inner core and 65 GPa
for the outer shell. The low Young’s modulus of the inner core is attributed to a non-zero angle
between the graphitic sheets and the nanofiber axis. The weak shear modulus between graphitic
sheets thereby dominates the mechanical behaviour of the fibers. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4803853]

. INTRODUCTION

Vertically aligned carbon nanofibers (VACNFs) are syn-
thesized in a plasma-enhanced chemical vapor deposition
(PECVD) process in which the interaction between the elec-
trostatic field present in the plasma and the catalyst particles
at the tip of the nanofibers results in the vertical alignment.'
Since the synthesis is catalytic, one can control the position
and the diameter of individual VACNFs by patterning the
catalyst, and control their length through the growth time. As
a result of their synthesis process and their resemblance to
carbon nanotubes (CNTs), VACNFs have been proposed to
be used in a number of applications, where some have al-
ready been demonstrated including electron emitters,” gene
delivery arrays,” and nanoelectromechanical systems.*~’

CNTs are similar to VACNFs and their mechanical
properties have been thoroughly studied. The Young’s mod-
ulus, E, for tubes with a high crystallinity has been found to
be about 1 TPa.® This is similar to the in-plane elastic con-
stant of graphite c¢;; = 1.06 TPa,” not surprisingly since
CNTs consist of concentric cylinders of graphene.
Misalignment of the graphitic planes, along with defects, can
however drastically reduce the Young’s modulus by almost
two orders of magnitude.®

VACNEFsS consist of cone- or cup-shaped graphitic layers
stacked in one another,'” and the graphitic planes form an
angle 0 with the tube axis, see Fig. 1. Because of this angle,
the graphitic cups can shear against each other when a load
is applied to the fiber. The shear modulus of graphite is very
low, cqq < 5 GPa,11 and it dominates the mechanical behav-
iour of graphite when loads are applied non-parallel to the
graphite planes.® One would, therefore, expect that shear
will dominate the mechanical behaviour of VACNFs as well.
A molecular dynamics study found a negligible load transfer
between the cones, resulting in an axial Young’s modulus of
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about 30 GPa.'? This value was obtained for a CNF consist-
ing of 4 cones having 0 = 30° and the authors predicted this
value to be even lower for a higher number of cones, as in
real VACNFs. There have been a few attempts to measure
the Young’s modulus of VACNFs thus far. In Table I, we
summarize these studies along with studies of similar materi-
als. As can be seen in Table I, there is a large spread in the
reported values for E, and the bending stiffness of individual
VACNFs have not been characterized before.

In the present work, the bending stiffness of as-grown
individual VACNFs was directly measured inside a scanning
electron microscope (SEM) using a custom made atomic
force microscopy (AFM) instrument.'® Individual VACNFs
were pushed sideways against the AFM cantilever as shown
in Figs. 2(a) and 2(b), and their spring constants were
obtained from the bending measurement data. We find that
VACNFs must be modelled as a dual-phase material com-
posed of a graphitic inner core encapsulated within an amor-
phous carbon shell. By fitting the measurement data to the
developed model, we derive Young’s moduli of 10 GPa and
65 GPa corresponding to the inner core and the outer shell,
respectively.

Il. EXPERIMENTAL SETUP AND SAMPLE
PREPARATION

The custom-made AFM instrument was equipped with a
piezoresistive force sensor incorporated into the cantilever'’
and was controlled by software and electronics from
Nanofactory Instruments.'® Samples were mounted on a posi-
tioning system where both coarse and fine motion are
performed using a single tube-scanner.'® A schematic of the
instrument is shown in Fig. 2(c). The motion of the tube-
scanner was calibrated in the SEM by taking images at several
piezo voltages covering the distance range needed for
the force measurements. The output voltage of the piezoresis-
tive sensor, i.e., its sensitivity, versus cantilever deflection
was calibrated by pushing a hard material (silicon surface)

© 2013 AIP Publishing LLC
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FIG. 1. (a) Schematic drawing of the VACNEF structure. Amorphous carbon is deposited onto the graphitic core continuously during growth, thus rendering a

tapered structure. (b) TEM image of a VACNF.

against it. The spring constant of the cantilever was obtained
by pushing it against a commercially available pre-calibrated
cantilever.”” The AFM instrument was mounted inside a LEO
1530 FEG-SEM, operated at an acceleration voltage of 8kV.
In order to minimize electron-beam induced deposition of
amorphous carbon when imaging with SEM, the AFM instru-
ment along with the sample was loaded inside the SEM cham-
ber at least 10 h before the experiment, giving a pressure of
about 5 x 10~7 mbar during measurements. Furthermore, the
samples were only exposed to the electron beam for the initial
positioning and the electron beam was kept deflected away
from them during the force measurements.

VACNFs were grown in a PECVD process using a 2-in.
AIXTRON Black Magic reactor in a C,H,/NH; atmosphere
from 12 nm-thick Ni catalyst seeds deposited on top of reac-
tively sputtered TiN substrates. Electron-beam lithography
was adopted to pattern the catalyst layer into circular seeds
in the diameter range of 40 nm to 200 nm. The samples were
divided into two different groups. In both groups, the synthe-
sis process started by 1 h annealing at 580 °C in nitrogen at 6
mbar. Then, in one group (group A), the growth was carried

TABLE I. Studies on the mechanical properties of VACNFs.

Material and method E [GPa]
Nanoindentation on VACNF forests (Ref. 14). 900-1230
Electromechanical resonance on a single

cantilevered CNF (Ref. 15) 410
Nanoindentation on a single as-grown VACNF (Ref. 16) 816
Molecular dynamics on a CNF having four

shells with 0 = 30° (Ref. 12) 30
Modeled as a one-phase material [This study] 10-120

Modeled as a dual-phase material [This study] Core: 10 Shell: 65

out at a plasma power of 40 W, a C;H,/NH; gas ratio of 1/4,
a chamber pressure of 3.5 mbar, and substrate temperature of
635°C. This set of growth parameters allowed for some
amount of amorphous carbon deposits on the VACNFs’ side-
walls as seen in Fig. 3(a). In group B, the growth conditions
were tuned”! in order to minimize the sidewall deposits by
increasing the chamber pressure to 8.9 mbar and reducing
the C,H,/NH; gas ratio to 1/6. As a result, the VACNFs in
group A were considerably more tapered than those belong-
ing to group B (see Fig. 3(b)).

The internal structure of the VACNFs was studied using
a JEOL (JEM 2100) TEM equipped with a LaBg cathode and
a digital camera from Gatan (SC1000 Orius). All images
were acquired using an acceleration voltage of 100 kV.

The dimensions of the VACNFs were measured from
high magnification SEM images taken after the force meas-
urements to avoid beam induced modifications to the fibers.
Special care was taken when measuring the VACNFs diame-
ter since the accuracy of the calculated stiffness strongly
depends on it."*> In order to quantify the taperedness of
the VACNFs, we define a taperedness factor, o, as the
following:

rb - rt
=— 1
T ey
where r;, 1;, and [ are the base radius, the tip radius, and the
length of a VACNF, respectively. When modelling the
fibers, the values of r, and / were measured at the point where
the force was applied to reflect the effective length.

lll. RESULTS AND DISCUSSIONS

In situ bending measurements were performed on five
VACNFs from Group A and five VACNFs from Group B.
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FIG. 2. (a) and (b) SEM images showing the in situ deflection of a VACNF
(a) without a load and (b) during bending. (c) Schematic of the instrument.
(d) Typical force vs. deflection curve obtained for forward and backward
motion.

By knowing the spring constant of the cantilever, k., those of
the VACNFs, k,, were calculated using the spring constant
k;,; obtained from the F-o curves (see Fig. 2(d)). In a simple
approach, one can assume a uniform material with a single
Young’s modulus for the VACNFs as shown in Fig. 4(a). In

FIG. 3. Representative SEM images of each synthesis group, where (a)
Group A, are more tapered than (b) Group B.
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FIG. 4. Schematic representation of two different modeling approaches of
the VACNFs. (a) Single-phase model with a tapered uniform material. (b)
Dual-phase model assigns two different Young’s moduli, one to a constant
diameter inner core and another to a tapered outer shell.

this way, the spring constant of a VACNF, i.e., the ratio
between the applied force and the resulting deflection at its
tip is correlated to its Young’s modulus, E, by

3
_ 3nErr;

k=

@)

The obtained values of Young’s modulus are plotted as a
function of the fiber taperedness factor in Fig. 5. The error
bars in Fig. 5 originate from the uncertainty in measuring the
VACNFs dimensions and the calibration inaccuracy of the
cantilever’s spring constant. Clearly, the more conical
VACNFs of group A have larger Young’s moduli, than those
of group B. Moreover, it seems that an increase in the
Young’s modulus within each group is correlated with an
increase in the taperedness factor, i.e., with an increase in
the amorphous deposits on the VACNFs sidewalls. This ob-
servation suggests that the amorphous carbon shell is stiffer
than the graphitic inner core, and a better model is required.
Therefore, we developed a dual-phase model in which the
VACNFs are composed of an inner graphitic rod inside a
conical shell of amorphous carbon as illustrated in Fig. 4(b).
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FIG. 5. Young’s modulus of the VACNFs versus their taperedness factor as
estimated using the single-phase model.
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FIG. 6. The obtained variance as a function of E;,,,., and E,,,., in the dual-

phase model.

Such a structure has been suggested previously based on
TEM studies.”> From our TEM images, we find a similar
structure of our fibers, although there are also many defects.
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FIG. 7. Dependence of the elastic modulus on the angle between the gra-
phitic sheets and the tube axis in a single graphite crystal, using Eq. (5) with
the two extreme values of s44.

In the dual-phase model, we assign a different Young’s mod-
ulus to each phase and determine the stiffness of the resulting
structure using>

303 .
o :8 Eouterts

2(B* — 1)arctan ([;(;”_")> + (B + l)ln<

re+rp

where E, ., and E;, ., stand for the Young’s modulus of the
outer shell and the inner rod, respectively, and f3 is given by

ﬁ _ Eouter - Einner ) (4)

E()M[EI‘

Equation (3) can be used to find the best fit to the meas-
ured spring constants, by plotting the variance, A%, for differ-
ent values of E, ., and E;,,.,. Fig. 6 visualizes this, and a
minimum for A? is obtained for Eier = 10 GPa and E,,,;,, =~
65 GPa.

The relatively low stiffness of the inner graphitic core
can be attributed to the non-zero angle between the constitu-
ent graphitic sheets and the VACNF’s vertical axis. The stiff-
ness of the inner part is thereby dominated by the shear
modulus between the graphitic layers, which is about 5 GPa
for highly crystalline graphite, but can be as low as 1 GPa
when glissile basal-plane dislocations are present.'' The
cup-stacked structure has a lower density near the fiber axis
that covers less than 50% of the inner phase radius. Such a
region on the fiber axis has a negligible contribution to the
Young’s modulus, which allows us to treat the inner phase as
homogeneous.”’ If the inner phase of the VACNFs is
approximated by a single graphite crystal in which the gra-
phitic planes form an angle 6 with respect to the tube axis,
then the elastic modulus is given by the following equation:®

1
z=su(l - ) + syt 4 2513+ 50)2(1 = 92),  (5)

where y = sin(0)) and s;; are the elastic compliances of bulk
graphite having values:’ s = 0.98 TPafl, s33 = 27.5 TPafl,

W) =)\ | 5o (= B)0F+ £
(1= B)(r + /3r,>) o <(1 + B} - ﬁ21"3)>

3)

and s;3 = —0.33 TPa . For sgy = 1 /caa, the reported values
differ and are in the range 200 < s4q < 5000 TPa LU
Equation (5) describes a considerable drop in the elastic mod-
ulus as the angle 0 increases (see Fig. 7).

From TEM-images, we found that the angle between the
graphitic planes and the fiber’s axis was in the range
10° < 0 < 30°. From Eq. (5) and Fig. 7, E is in the range
7 < E < 150 GPa for an angle of 0 = 10°, whereas it drops
rapidly to the range 1 < E <25 GPa when the angle is
increased to 30°. The strong dependence of the elastic modu-
lus on the angle of the graphitic sheets and the defect density
may also explain the relatively large fitting error that we
observe in Fig. 6. In other words, even small disparities in
the internal structure of the VACNFs, as expected from those
grown in a PECVD process, could translate into considerable
variations of the Young’s modulus.

As can be seen in Fig. 6, we obtain a Young’s modulus
of 65 GPa for the outer amorphous shell. This is similar to
the reported elastic modulus of amorphous carbon films
which is in the range of 100 GPa to 500 GPa.**

IV. CONCLUSIONS

We presented a method in which the bending stiffness
of as-grown individual VACNFs was directly measured
inside a SEM using a custom made AFM instrument. It was
shown that the previous assumption of a uniform internal
structure for VACNFs is inadequate for describing their me-
chanical properties and that a dual-phase model composed of
a graphitic core inside an amorphous carbon shell provides a
better description. We derived two Young’s moduli of
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10 GPa and 65 GPa corresponding to the inner core and the
outer shell, respectively. The relative weakness of the inner
core is attributed to the non-zero angle between the constitu-
ent graphitic sheets and the VACNFs’ vertical axis which
renders the shear modulus between the sheets the dominant
factor in the mechanical behavior of the nanofibers. The dis-
parity between the Young’s moduli of the inner core and the
outer shell introduces an opportunity to tailor the mechanical
stiffness of VACNFs for a specific application by controlling
the amount of amorphous carbon deposits on their sidewalls.
This can be done by tuning the process parameters during
the VACNFs synthesis.
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